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FOREWORD 


The  films  have  been  designed  with  two  main  purposes  in  mind:  (1)  To  introduce  into  the  class- 
room important  experimental  evidence  which  is  difficult  or  impractical  to  introduce  through  stu- 
dent experiments  and  live  demonstrations.  (2)  To  clarify,  through  animation,  the  mental  models 
of  structure  and  of  dynamic  processes  which  help  scientists  and  students  make  sense  out  of  the 
experimental  evidence.  Most  of  the  films  serve  both  purposes.  In  addition,  several  of  the  films 
attempt  to  convey  the  nature  and  excitement  of  scientific  research. 

All  of  the  films  are  integrated  with  the  CHEM  Study  Textbook,  Laboratory  Manual,  Teachers 
Guide  and  tests.  They  will  be  useful  in  other  contexts  as  well.  The  Teachers  Guide  for  each  film 
presents  a  summary,  a  statement  of  purpose,  suggested  preshowing  and  post-showing  class  ac- 
tivities, a  detailed  outline  of  the  film  content,  and  supplementary  material  which  may  be  useful 
to  the  teacher. 

The  relative  short  running  times  of  these  films  (twelve  to  twenty-four  minutes)  encourages  pre 
and  post  showing  discussion  and  enhances  their  usefulness  in  a  variety  of  types  of  courses  at 
both  the  high  school  and  college  levels. 
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Principal  Coverage 
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GASES  AND  HOW  THEY  COMBINE 

22  MINUTES  IN  COLOR 

Collaborator: 

Professor  George  C.  Pimentel,  University  of  California, 

Berkeley,  California 


SUMMARY:   First,  some  properties  that  distinguish  gases  are  shown.  Then, 
the  volume  of  ammonia  and  hydrogen  chloride  that  combine  are  measured 
quantitatively.   The  volume  ratio  is  found  to  be  1.0.   In  a  similar  way, 
simple  integer  volume  ratios  are  measured  for  the  combinations  of  hydro- 
gen and  oxygen,  of  nitric  oxide  and  oxygen,  and  of  hydrogen  and  chlorine. 
Tiiesc  oirr-le  integer  ratios  are  interpreted  in  terms  of  Avogadro's  ^rpothe- 
sis. 

SPECIAL  NOTE:  The  film  is  organized  so  that  the  projector  may  be  turned 
off  after  the  experimental  evidence  has  been  shown.  The  narrator  in  the 
film  will  indicate  the  appropriate  time.  The  class  can  then  discuss  the 
observed  volume  ratios  in  terms  of  the  particle  model  of  gases. 

PURPOSE:   To  show  experimental  evidence  that  gases  combine  in  small  whole 
number  ratios,  and  to  explain  this  evidence  in  terms  of  Avogadro's  Hypothe- 
sis and  the  particle  model  of  gases. 

PLACE  IN  CHEM  STUDY  COURSE:   Section  2-2  of  Chapter  2,  A  Scientific  Model: 
The  Atomic  Theory. 

BEFORE  SHOWING:   Be  sure  that  students  understand  the  particle  model  of 
gases,  and  the  idea  of  extending  a  model  on  the  basis  of  experimental  evi- 
dence . 


The  use  of  leveling  bulbs  to 
adjust  gas  pressure  should  be 
explained  or  demonstrated  to 
students.  The  following  sim- 
ple apparatus  can  be  used. 
First  uncork  the  buret  and 
show  how  the  levels  rise  and 
fall  when  the  funnel  is  raised 
or  lowered.  Then  cork  the  bur- 
et and  show  the  variation  in 
gas  volume  as  the  funnel  is 
raised  and  lowered. 
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OUTLINE: 
1.  Qualitative  observations  on  a  collection  of  gases:   ND,  Clo,  HCl,  NH^,, 

Og,  Hg,  NO2:  ^ 

A.  Color  is  observed: 

1.  NOo  is  brovm 

2.  CI2  is  pale  green 

B.  Solubility  in  water  is  observed: 

1.  NO2  is  very  soluble 

2.  O2  has  low  solubility 

3.  HCl  is  very  soluble 

C.  Glowing  splint  test  is  used: 

1.  Splint  ignites  in  O2 

2.  Splint  loses  its  S3>ark  in  HCl 

3.  Splint  causes  explosion  in  H2 

k.     NO  gas  turns  brown  when  splint  test  is  attempted; 

D.  Bromcresol,  an  indicator  dye,  is  used: 

1.  NHo  turns  the  orange  dye  to  blue 

2.  HCl  turns  the  dye  back  to  orange 

3.  A  bromcresol  test  of  a  mixture  of  the  above  gases  is  prepared; 
however,  a  white  smoke  forms  upon  mixing,  preventing  the  test; 

II.  Quantitative  study  of  the  volume  ratios  of  combining  gases: 

A.  NH3  +  HCl 

1.  21  ml  of  NH3  are  reacted  with  HCl 

2.  22  ml  of  HCl  are  required 

3.  The  experiment  is  repeated.  A  volume  ratio  of  1  is  obtained; 

B.  H2  +O2 

1.  10  units  of  each  of  the  gases  are  mixed  in  a  beaker 

2.  The  reaction  is  ignited  with  a  spark 

3*  5  units  of  gas  remain;  the  splint  test  shows  it  to  be  oxygen 
k.     The  volume  ratio  is  2; 

C.  NO  +  O2 

1.  Equal  volumes  of  the  two  gases  are  mixed  by  forcing  O2  into 

NO  with  a  stream  of  water 

2. 
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2.  As  NO2.  is  formed  it  dissolves  in  the  water,  leaving  ^  volume 
of  a  clear  gas  in  the  apparatus 

3.  Splint  test  shows  this  to  be  O2 
k.      The  volume  ratio  is  2; 

D.  H2  +  CI2 

1.  Equal  volumes  are  combined 

2.  A  spark  sets  off  the  reaction 

3.  No  gas  is  left;  the  volume  ratio  is  1; 

E.  Projector  may  be  turned  off  here  for  class  discussion 
III.  Interpretation  of  experimental  observations: 

A.  NH3  +  HCl 

1.  A  blackboard  picture  is  used  showing  NH^  as  a  collection  of 
colored  dots,  with  HCl  differently  colored 

2.  Using  our  volume  ratio  of  1,  we  assume  that  the  product  of 
the  above  reaction  consists  of  1  of  each  of  the  two  particles 

3.  This  is  consistent  with  Avogadro's  Hypothesis 

B.  H2  +O2 

1.  A  blackboard  picture  is  used  to  illustrate  the  combination 
of  two  volumes  of  H2  with  1  volume  of  O2 

2.  This  result  is  consistent  also  with  Avceadro's  Hypothesis 

AJTTER  SHOWING: 

1.  Raise  question  of  how  convincing  is  the  proof  of  Avogadro's  Hypothesis? 
Question  of  experimental  uncertainty?  Problem  of  only  a  few  experiments? 
What  constitutes  full  proof? 

Agreement  with  all  available  experimental  observations 

2.  How  do  we  know  excess  NO  didn't  dissolve  in  water  in  last  experiment? 

Early  statement  giving  limited  solubility.  No  experimental  proofs, 

3.  How  was  the  effect  of  Clg  solubility  in  water  minimized  in  its  reaction 
with  H2 

By  adding  CI2  after  H2  and  preventing  intimate  contact  with 
water.  Presence  of  H2  decreases  rate  of  solubility  by  slowing 
diffusion  immediately  above  water. 


Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Davidson  Films,  San  Francisco 
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GAS  PRESSURE  AND  MOLECULAR  COLLISIONS 

21     MINUTES,  BLACK  AND  WHITE 

Collaborator: 

Professor  J.  Arthur  Campbell,  Harvey  Mudd  College, 

Claremont,  California 


SUMMARY;   The  film  explores  the  relationship  between  gaseous  pressure  and 
molecular  collisions.  The  effects  on  molecular  collisions  of  varying 
the  number  of  molecules  per  unit  of  volume  and  of  varying  the  temperature 
are  studied.  The  experimental  study  of  the  relative  rates  of  effusion 
of  hydrogen,  oxygen,  carbon  dioxide  and  sulfur  hexafluoride  leads  to  the 
quantitative  relationship  among  molecular  weight,  molecular  velocity, 
and  absolute  temperature.  Mechanical  models  illustrate  the  experimental 
observations . 

PURPOSE;   To  relate  the  macroscopic  properties  of  gases  to  the  kinetic 
behavior  of  molecules  using  dynamic  models  and  experiments. 

PLACE  IN  CHEM  ST^JDY  COURSE;   Near  end  of  Chapter  U,  The  Gas  Phase: 
Kinetic  Theory. 

BEFORE  SHOWING;   Students  should  be  familiar  with  Avogadro's  Hypothesis 
and  the  variables  of  pressure,  temperature,  and  volume.  Students  should 
understand  that  the  word  effusion  refers  to  the  escape  of  a  gas  throu^^ 
a  small  pinhole. 

OUTLINE; 

1.  Description  of  gas  pressure  in  terms  of  molecular  collisions 

Airplanes  and  clouds  are  held  aloft  because  of  gas  pressure  caused  by 
molecular  collisions.  Airplanes  fly  because  more  molecules  hit  the 
bottom  than  hit  the  top  of  the  wings.  Clouds  stay  aloft  due  to 
Brownian  motion,  i.e.,  collisions  of  molecules  with  the  soall  water 
droplets  in  the  cloud.  Brownian  motion  is  shown  by  photomicroscopy, 
then  simulated  by  bombarding  a  large  disk  with  many  tiny  marbles. 
•Rie  direct  relation  between  pressure  and  molecular  collisions  is 
indicated  by  vigorously  agitating  marbles  in  a  closed  piston  and  ob- 
taining a  pressure  reading.  Addition  of  more  marbles  causes  the 
pressure  to  rise. 

2.  Relationship  of  number  of  gas  molecules  to  pressure  in  a  fixed  volume. 

Experimental  study  of  a  real  system  shows  that  doubling  the  number  of 
molecules  of  gaseous  carbon  dioxide,  CO2,  in  a  bulb  doubles  the  pres- 
sure. Removing  all  of  the  gaseous  COg  reduces  the  pressure  to  zero. 
Doubling  the  available  volume  of  a  sample  of  gaseous  CO2  reduces  the 
pressure  to  half.  All  these  experiments  indicate  that  with  a  fixed 
quantity  of  gas  and  constant  temperature,  gaseous  pressure  is  directly 
proportional  to  the  number  of  molecular  collisions  occurring  per 
second. 
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3.  Relationship  betveen  pressure  and  temperature  In  a  fixed  volume  of  gas 

As  a  "bulb  containing  helium  is  cooled  over  a  wide  temperature  range,  the 
pressure  versus  temperature  gives  a  straight  line  relationship.  Hhis 
graph  may  be  used  to  find  the  value  of  absolute  zero.   Since  all  gases 
give  data  lying  on  the  same  strai^t  line  (if  the  Initial  conditions 
are  the  same)  perhaps  all  gases  have  the  same  molecular  velocity  and 
hence  the  same  number  of  collisions  when  their  temperatures  are  the 
same. 

k»     Effusion 

The   above  idea  is  subjected  to  experimental  test  by  measuring  the 
molecular  velocities  of  several  gases  in  an  effusion  apparatus.  The 
rate  at  which  a  gas  escapes  through  a  small  pinhole  is  proportional 
to  the  velocity  of  the  gas  molecules.  The  relative  rates  for  Hg, 
O2,  CO2  and  SFg  are  measured  at  room  temperature.  TBie  rates  are  ob- 
served to  decrease  as  the  molecular  weight  increases.  Plotting  velo- 
city of  escape  versus  molecular  weight  gives  a  smooth  curve  which  is 
true  for  all  gases  at  room  temperature.  The  equation  for  the  curve 
is  mv^  =  constant.  Use  of  the  marble  machine  corroborates  the  fact 
that,  with  equal  number  of  marbles  at  equal  pressure,  heavier  marbles 
have  a  lower  velocity  than  lighter  ones.  Experimental  effusion  data 
also  show  that  the  molecular  velocities  vary  with  temperature,  increas- 
ing as  the  temperature  rises.  Using  the  independently  measured  velo- 
city of  oxygen  at  room  temperature,  the  actual  velocities  of  the  four 
gases  at  three  temperatures  are  tabulated.  The   qiiantity  mv^  is  tabu- 
lated for  each  gas  at  each  temperature.  This  quantity  is  relatively 
constant  for  all  the  gases  at  each  temperature.  Dividing  the  values 
for  mv^  by  the  corresponding  absolute  temperature  gives  the  universal 
law  mv^  ~  cT.  Thus,  for  every  gas.  the  molecular  velocity  (and  hence 
the  number  of  molecular  collisions)  increases  as  the  temperature  rises. 

AFTER  SHCWIWG: 


1.  Using  the  data  from  the  film,  have  the  students  calculate  the  value  of 
absolute  zero.  Answer:   -290°  C  ±  10°C.  Room  pressure  was  defined  as 
1  atmosphere  but  was  actually  lower  than  this.  Because  of  this  all 
pressure  readings  were  hl§^  by  approximately  0.05  atmosphere. 


o 


Boiling  water 

100°  C 

Ice  and  water 

0°  C 

Dry  ice 

-79°  C 

Liquid  nitrogen 

-196°  C 

Temperature  (  ±1  C)   Pressure  (  +  0.02  atn) 

1.24 
.93 
.67 
.27 

2.   Have  good  students  calculate  the  actual  molecular  velocities  of  Hg,  O2, 
COg,  and  SF5,  making  use  of  the  fact  that  the  molecular  velocity  of 
oxygen  =  ^+8,000  cm/sec  at  25°  C.  Example:   The  velocity  of  H2  at  298°  K 
is  obtained  by  multiplying  the  ratio  of  the  relative  velocities  of  H2 
and  O2  times  the  absolute  velocity  of  oxygen 

Velocity  H2  (298°  K)  =  8j  x  ^+8,000  cm/sec 

2.3 


2. 
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The  molecular  velocities  in  miles  per  hour  can  also  be  calculated. 
Relative  Rates  of  Effusion  (+10^) 


Gas 

Mol.  wt. 

19U°  K 

298°  K 

373°  K 

H2 

2 

7.7 

8.7 

9.8 

O2 

32 

1.9 

2.3 

2.5 

CO2 

kk 

1.5 

1.9 

2.1 

SF6 

lk6 

0.8 

1.0 

1.2 

Velocity  (cm/sec) 

(±10*) 

Answer 

Gas 

19U°  K 

298°  K 

373°  K 

H2 

160,000 

180,000 

200,000 

°2 

1+0,000 

148,000 

52,000 

CO2 

31,000 

140,000 

Mf,000 

/ 

SFg 

17,000 

21,000 

25,000 
.-2       _ 

Convert  cm/sec  to  miles/hour  by  multiplying  by  2.214-  x  10   •  Q^us  the 
average  molecular  velocity  in  oxygen  is  about  1100  miles/hour. 

3.  Calculate  the  value  of  the  gas  constant  c  in  mv^  =  cT.  The  relative  rates 
are  converted  to  absolute  rates  using  the  known  velocity  of  oxygen.  The 
following  table  results  from  multiplying  the  molecular  weight  times  the 
appropriate  velocity  squared  for  each  gas. 

^  cm  2^ 

wT-   (xlO^Q)  [Units  are  M.  wt.  x  (se^)  J  (  ±105^) 

Gas 

^2 
O2 

CO2 

SFg 

Average      14-.6        6.8        8.6 

_   2/  2 

Since  c  -  rav  /T,  the  average  values  of  mv  are  divided  by  the  corres- 
ponding absolute  temperature  to  give  the  constant  c. 

2/  ,8  8  8 

Answer:     mv  /T  or  c        2.4  x  10       2.3  x  10      2.3  x  10 


19^°  K 

298°  K 

373°  K 

5.2 

6.5 

8.3 

14.8 

7.4 

8.7 

I4.I4 

7.0 

8.3 

I4.0 

6.5 

9.1 

3. 
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3.  (Continued) 

The  uncertainties  In  relative  effusion  are  approximately  +10^  "be- 
cause of  the  difficulty  of  measuring  the  effusion  of  SPg  (the 
slowest  rate  =  l)  accurately.  Tlie  uncertainty  In  the  SFg  measurement 
Is  +0.1  which  permits  a  10^  error  In  all  other  readings. 

k.     Suggest  that  the  Increased  rates  of  reaction  at  hl^er  temperatures 
mlg^t  he  related  to  the  Increased  molecular  velocities.  IRiere  are  two 
possible  reasons:  l)  More  collisions  will  occur  at  higher  T  due  to 
higher  velocities,  2)  each  collision  will  he  "harder"  and,  therefore, 
more  apt  to  cause  reaction.  Surmise  as  to  relative  Importance  of  the 
two  effects.  Note  that  Kinetic  Energy  =  I/2  KV^  which  varies  as  the 
square  of  V  whereas  the  number  of  collisions  Increases  proportionally 
to  V.  Also,  as  discussed  in  Chapter  6,  the  proportion  of  molecules 
with  high  velocities  increases  markedly. 

SUPPLElfflWrARY  MATERIAL: 

Effusion; 

In  the  effusion  apparatus  each  hole  is  the  aame  size  and  the  number  of 
moles,  pressure,  and  temperature  are  the  same  in  all  tubes.  Picture 
the  gas  as  a  collection  of  spheres  moving  rapidly  in  stmig^t  lines. 
A  molecule  which  strikes  the  hole  will  escape.  If  one  gas  has  p  hl^er 
molecular  velocity,  more  of  its  molecules  will  strike  the  hole  each 
second  and  escape.  Avogadro's  Law  tells  us  that  at  equal  pressures, 
equal  volumes  of  gas  have  equal  numbers  of  molecules.  Thus  the  ratio 
of  the  volumes  of  each  gas  escaping  will  tell  us  how  many  molecules  of 
each  gas  stzMck  the  hole  and  escaped  in  a  given  time,  nils  is  propor- 
tional to  the  relative  molecular  velocity. 

Effusion  rate  is  proportional  to  average  molecular  velocity  if  l)  the 
pressure  difference  remains  constant  across  the  orifice,  2)  the  diameter 
of  the  orifice  is  small  compared  to  the  mean  free  path  of  the  molecules, 
3)  the  thickness  of  the  foil  is  small  compared  to  the  mean  free  path 
of  the  molecules. 

Molecular  velocity; 

The  molecular  velocity  measured  by  effusion  is  the  average  molecular 
velocity.  Actual  molecular  velocities  are  spread  over  a  long  range  as 
shown  experimentally  in  Chapter  8,  Chemistry,  an  Experimental  Science. 

Produced  under  a  grant  from  the  National  Science  Foiindation 
Film  production  by  Educational  Services,  Inc.,  Watertown,  Massachusetts 
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ELECTRIC  INTERACTIONS  IN  CHEMISTRY 

21  MINUTES  IN  COLOR 

Collaborators: 

Professor  J.  Arthur  Campbell,  Harvey  Mudd  College, 

Claremont,  California,  and 

Professor  J.  Leland  Hollenberg,  University  of  Redlands, 

Redlands,  Calif orrtia 


SUMMARY:   Observations  of  two  spheres  suspended  from  the  terminals  of  a 
high  voltage  generator  remind  us  of  the  principles  that  opposite  charges 
attract,  like  charges  repel,  and  uncharged  bodies  have  no  electric  inter- 
action.  To  determine  quantitatively  the  effect  of  distance  on  electric 
force,  a  sensitive  balance  measures  the  force  between  two  charged  spheres. 
The  distance  is  varied  and  the  electric  force  is  calculated  from  changes 
in  balance  readings.  A  graph  of  electric  force  against  dictance  suggests 
the  equation  Fr^  =  k  (a  constant),  and  the  tabulated  data  confirm  this 
relation.  To  illustrate  the  applications  in  chemistry  of  these  principles, 
the  migration  of  positive  and  negative  ions  in  an  electric  field  and  their 
mutual  precipitation  are  shown  in  time-lapse  photography  and  in  animation. 

PURPOSE:   To  demonstrate  the  relation  of  electric  force  to  distance  of 
separation  of  charged  bodies,  and  to  show  how  this  relation. helps  to 
explain  ion  migration  and  chemical  reactions. 

PLACE  IN  CHEM  STUDY  COURSE:   Near  the  end  of  Chapter  5,  Liquids  and  Solids: 
Condensed  Phases  of  Matter. 

BEFORE  SHOWING:   For  students  who  are  not  familiar  with  a  single  pan  analyti- 
cal balance,  a  brief  explanation  of  its  operation  should  be  given. 

OUTLINE: 

1.  Demonstrating  the  qualitative  behavior  of  electric  charges. 

Observations  are  made  of  the  action  of  two  lightweight  electrically- 
conducting  spheres  suspended  first  from  opposite  and  then  from  the 
same  terminals  of  a  high  voltage  electrostatic  generator.   The  results 
show  that  opposite  charges  attract,  like  charges  repel,  and  uncharged 
bodies  exert  no  electric  force.  Animation  based  on  the  electron- 
proton  model  of  matter  is  used  to  explain  these  observations. 

2.  Determining  the  quantitative  relation  of  electric  force  and  distance. 

One  metal  coated  sphere  is  suspended  by  nylon  thread  from  the  pan  of 
an  analytical  balance  and  weighed.  A  second  sphere  is  supported  on  a 
polystyrene  insulating  rod  below  the  first  sphere.  After  fully  charg- 
ing each  sphere,  the  apparent  weight  is  recorded  for  various  distances 
between  centers  of  the  spheres.  The  electric  force  is  determined  from 
changes  in  apparent  weight  of  the  upper  sphere.  From  a  plot  of  force 
and  distance,  the  relation  Fr^  =  k  (a  constant)  is  suggested  and  is 
confirmed  by  the  data  within  experimental  error  .   The  following  data 
are  obtained: 
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Weight 

Electric  force 

Distance 

Fr^ 

(grams) 

F  (grams) 

r  (cm) 

11.130 

none 

„„ 

^^ 

11.671 

O.5UI 

10 

5^ 

11.36^ 

0.23^ 

15 

53 

11.263 

0.133 

20 

53 

11.187 

0.057 

30 

51 

11 . 128 

none 

large 

— 

Chemical  examples 

Of 

electric  interactions 

3. 

A  battery  is  connected  to  tvo  electrodes  at  opposite  ends  of  a  glass 
tube.  Aqueous  cupric  sulfate  solution  is  poured  into  the  center  section 
of  the  tube.   On  either  side  are  gelatin-like  sections  of  agar  agar  con- 
taining a  little  potassiram  chloride.   The  gel  will  conduct  an  electric 
current  but  prevents  rapid  movement  of  the  CuSOji^  solution.   In  time- 
lapse  photography  the  blue  Cu  "-(aq)  ions  are  observed  to  migrate  toward 
the  negative  electrode.   A  similar  experiment  with  Dotassium  chromate 
solution  shows  that  the  yellow  CrOi;"^(aq)  ionr.  Tif^rate  toward  the  posi- 
tive electrode.  When  the  gel  is  in  the  middle  portion  of  the  tube  and 
Cu"^2(aq)  solution  around  the  positive  elecLiode  and  Cr0i^~2(aq)  around 
the  negative  electrode,  the  blue  and  yellow  ions  move  in  opposite  direc- 
tions through  the  tube.  When  the  oppositely  charged  ions  meet  near  the 
center  a  brownish  substance  is  formed.   Direct  addition  of  Cu^(aq)  solu- 
tion to  CrO, ~  (aq)  solution  also  gives  the  same  brown  precipitate, 
CuCrOij^,  which  has  no  net  charge.   The  formation  of  all  precipitates,  as 
well  as  the  occurrence  of  all  chemical  reactions,  may  be  understood  in 
terms  of  interactions  of  electric  charges. 

AFTER  SHOWING: 

1.  Why  was  a  battery  not  used  to  show  attraction  and  repulsion  of  charged 
spheres?   (Too  little  charge  placed  on  spheres  by  the  low  voltage  of 
battery. ) 

2.  Could  the  high  voltage  generator  have  been  used  for  the  ion  migration 
experiments?   (in  principle  yes,  but  the  generator  is  impractical  due  to 
the  fact  that  although  the  voltage  tends  to  be  high,  only  a  very  low  cur- 
rent is  attainable.) 

3.  Were  colorless  ion  species  also  migrating  in  the  tube?   (Yes) 

h.      Discuss  the  formation  of  other  precipitates  in  terms  of  electric  inter- 
actions.  Mention  the  nature  of  ionic  solids. 

2 

SUPPLEMENTARY  MATERIAL:   Some  students  may  note  a  trend  to  lower  values  of  Fr 

in  the  balance  experiment.   This  trend  is  probably  due  to  charges  leaking 
from  the  spheres  since  leakage  was  a  serious  problem  during  "the  experiment. 
Very  dry  air  and  highly  polished  surfaces  tend  to  minimize  leakage. 
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The  gel  was  made  by  gently  boiling  1.2  to  1.^+  grams  of  agar  agar  in 
100  ml.  of  water  for  about  five  to  ten  minutes  and  then  adding  about 
1  gram  of  KCl  to  allow  the  solution  to  conduct  electricity.  An  inver- 
ted test  tube  was  held  in  place  by  masking  tape  to  act  as  a  form  until 
the  gel  cooled  for  about  thirty  minutes.  The  gel  was  then  melted 
carefully  near  the  test  tube  to  allow  removing  the  form.  A  coating  of 
epoxy  cement  was  given  the  tube  to  help  keep  the  gel  in  place.  A  1^ 
aqueous  solution  of  KCl  surrounded  each  platinum  electrode  to  complete 
the  circuit.  A  ^5  volt  battery  was  used  for  the  migration,  resulting 
in  a  current  of  50  to  100  ma. 

Careful  observers  probably  note  that  such  migration  experiments  are 
much  more  complex  than  is  implied  by  the  narration.  Liquid  levels  change 
slightly  during  migration,  probably  due  to  the  different  degree  of 
hydration  of  ionic  species,  resulting  in  a  net  transport  of  water  in 
one  direction.  Colorless  ion  species  such  as  K  ,  Cl~,  and  OH"  also 
move  through  the  tubes,  varying  the  pH  in  certain  regions,  and  producing 
extra  color  changes.   In  the  CrOj^'^  migration  a  small  fraction  of  the 
ions  is  observed  to  difi\ise  a  little  toward  the  negative  terminal. 
Careful  observation  also  indicates  two  blue  species  moving  toward  the 
negative  terminal.  Perhaps  Cu"'+(aq)  is  the  lighter  blue,  faster 
moving  ion,  and  CuOH''"  (aq)  is  the  darker  blue,  slower  moving  ion. 

Teachers  should  realize  that  a  complete  explanation  for  the  migration 
of  ions  was  not  given  in  the  film  due  to  the  need  for  discussing  oxi- 
dation and  reduction  processes  along  with  diffusion.  It  is  important 
to  know  that  the  ions  do  not  move  solely,  or  even  primarily,  because 
of  a  Coulombic  attraction  to  the  electrodes.  The  electrode  processes 
of  oxidation  and  reduction  are  a  major  cause  of  the  movement.   Thus 
reduction,  which  occurs  at  the  cathode  (here  called  the  negative 
electrode)  raises  the  concentration  of  negative  ions  relative  to  the 
negative  ions  in  the  vicinity.  Thus  a  slight  increase  in  net  negative 
charge  occurs.  This  enhances  the  chance  of  negative  ions  diffusing 
out  of  this  region  (away  from  the  cathode),  and  of  positive  ions 
diffusing  in  (toward  the  cathode).   Similarly,  the  oxidation  occurring 
at  the  anode  encourages  the  diffusion  of  negative  ions  toward  the 
anode,  and  the  diffusion  of  positive  ions  away  from  the  anode.  If  no 
oxidation  and  reduction  occurred  at  the  electrodes  there  would  be 
almost  no  effect  on  the  net  motion  of  ions  in  the  solution.  Thus  if 
an  electrolytic  solution  is  placed  between  two  charged  plates  which 
are  not  imanersed  in  the  solution,  there  is  little  motion  of  the  ions 
even  if  a  very  strong  electric  field  is  applied. 

Produced  under  a  grant  from  the  National  Science  Foundation 

Film  production  by  Wexler  Film  Productions,  Los  Angeles,  California 
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CHEMICAL  FAMILIES 

22  MINUTES  IN  COLOR 

Collaborators: 

Professor  J.  Arthur  Campbeli,  Harvey  Mudd  College, 

Claremont,  California,  and 

Professor  J.  Leland  Hollenberg,  University  of  Redlands, 

Kedlands,  California 


SUMMARY :   Starting  with  a  display  of  actual  samples  of  over 
70  elements,  the  film  demonstrates  methods  by  which  chemical 
similarities  among  the  elements  have  provided  the  basis  for 
dividing  them  logically  Into  families.   By  experiment  and 
observation,  the  elements  are  classified  as  metals  or  non- 
metals,  and  some  are  found  to  be  difficult  to  classify.   Ex- 
perimentally It  Is  shown  that,  under  the  same  conditions, 
some  gases  are  chemically  reactive,  while  others  are  Inert. 
The  fact  that  elements  with  atomic  riumbers  one  less  and  one 
more  than  the  atomic  numbers  of  the  Inert  gases  are  highly 
reactive,  provides  the  clue  for  finding  the  halogen  and 
alkali  metal  famlllBS.   The  film  demonstrates  how  atomic 
numbers  have  provided  the  key  to  the  ordering  of  the  elements 
In  the  periodic  table.   A  suffix  to  the  film  demonstrates  a 
recently  discovered  reaction  between  xenon  and  fluorine. 

PURPOSE:   To  Sxhow  taat  organization  of  observations  of  many 
propertlco  of  elements  measured  under  comparable  conditions 
leads  to  recognition  of  the  inert  gas  group  of  elements  as 
a  chemical  family;  furthermore,  that  arranging  elements  by 
atomic  number  provides  the  clue  to  discovering  other  chemical 
families,  such  as  tie  halogens  and  the  alkali  metals. 

PLACE  IN  CHEM  STUDY  COURSE:   Beginning  of  Chapter  6,  Struc- 
ture of  the  Atom  and  the  Periodic  Table. 

BEFORE  SHOWING:   Students  should  know  that  chemical  symbols 
may  be  used  to  describe  the  elements,  and  that  each  element 
has  an  atomic  number  equal  to  the  total  number  of  electrons 
in  the  neutral  atom.   Students  should  be  fSLrailiar  with  a 
simple  conductivity  apparatus,  as  well  as  such  properties 
as  ductility  and  luster.   The  need  for  a  simple  high  vacuum 
apparatus  when  reacting  two  materials  without  contamination 
should  be  discussed.   Students  should  have  some  understand- 
ing of  vacuum  manipulations,  and  know  that  gases  will  flow 
spontaneously  into  an  evacuated  space. 

OUTLINE: 


1.   A  sample  of  potassium  cut  in  air  quickly  oxidizes. 
Potassium  reacts  very  rapidly  with  water. 
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2.  Phosphorus,  which  is  usually  stored  under  water,  catches 
fire  in  air. 

3.  A  collection  of  about  70  stable  elements  is  shown,  and 
regularities  are  sought. 

4.  The  elements  are  sorted  into  metals  and  nonmetals  on 
the  basis  of  conductivity,  luster,  and  ductility.  A 
few  elements  resist  easy  classification  on  these  bases. 

5.  The  smaller  group  of  nonmetallic  elements  is  sorted 
into  gases,  liquids,  and  solids. 

6.  An  attempt  is  made  to  react  the  10  gaseous  elements  with 
potassium.   Six  of  the  gases,  including  nitrogen,  are 
inert  with  potassium. 

7.  Lithium  reacts  with  nitrogen. 

8.  Reaction  with  phosphorus  is  tried  next.   Fluorine  and 
phosphorus  react.   No  reaction  of  phosphorus  with  5 
gases  previously  found  inert  is  observed. 

9.  The  conclusion  is  drawn  that  the  gases  found  to  be  in- 
ert under  the  experimental  conditions  constitute  a 
chemical  family. 

10.  It  is  recalled  that  fluorine,  with  only  one  less  elec- 
tron per  atom  than  the  inert  gas  neon,  reacted  vigor- 
ously with  phosphorus  and  with  potassium. 

11.  Phosphorus  also  reacts  with  hydrogen,  chlorine,  bromine, 
and  iodine.   The  reactions  and  the  reaction  products 
are  similar,  except  with  hydrogen. 

12.  Potassium,  which  previously  was  found  to  react  with 
hydrogen,  fluorine,  and  chlorine,  also  reacts  with 
bromine  and  iodine.   The  reactions  and  reaction  pro- 
ducts are  similar,  except  with  hydrogen. 

13.  Water  is  added  to  tne  potassium  reaction  products  (in- 
cluding potassium  riuorlde  previously  obtained).   A 
vigorous  reaction  with  water  results  only  from  the  po- 
tassium hydride. 

14.  Since  the  4  halogen-potassium  products  did  not  react 
with  water,  and  since  there  had  been  no  reaction  between 
phosphorus  and  hydrogen,  the  halogens,  reacting  simi- 
larly, appear  to  be  a  family.   Hydrogen  does  not  belong 
to  the  family. 
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15.  It  is  recalled  that  potassium,  with  only  one  more 
electron  per  atom*  than  the  inert  gas  argon,  reacted 
vigorously  with  several  elements. 

16.  Lithium,  sodium,  potassium,  rubidium,  and  cesium,  all 
react  with  chlorine,  giving  similar  reactions  and 
products . 

17.  The  5  alkali  metals  react  with  water,  with  quite  similar 
results . 

18.  The  alkali  metals  are  grouped  together  as  a  chemical 
family. 

19.  The  relation  of  the  observed  chemical  families  to  the 
periodic  table  is  discussed. 

20.  It  is  concluded  that  the  inert  gases  are  the  key  to 
finding  chem.ically  similar  elements  and  that  atomic 
number  is  the  clue  to  ordering  elements  to  find  other 
chemical  families. 

21.  Preparation  and  properties  of  XeFh  are  demonstrated  as 
evidence  that  the  gases  He,  Ne,  A?,  Kr,  and  Xe  are  no 
longer  to  be  considered  inert.   However,  the  similar 
properties  of  the  unstable  compounds  formed  support 
our  knowledge  that  these  gases  still  constitute  a 
chemical  family. 

AFTER  SHOWING:   Raise  questions:   Did  you  observe  any  demon- 
strations  in  the  film  in  which  the  evidence  for  reactivity 
or  lack  of  reactivity  was  not  conclusive?   How  would  you 
gather  further  evidence?   For  example,  (1)  by  using  higher 
temperatures  than  an  all-glass  system  will  permit;  (2)  by 
analysis  of  residues  of  attempted  reactions  to  compare  pro- 
perties to  those  of  starting  materials;  by  attempting  to 
react  more  elements  such  as  fluorine  with  the  inert  gases. 

Could  presence  of  oxide  crust  (which  resulted  from  momentary 
contact  of  freshly  cut,  highly  reactive  metal  surfaces  with 
oxygen  in  the  air)  affect  results,  since  the  oxide  crust  is 
an  impurity?   Actually,  there  is  no  effect  here  except  ob- 
scuring the  results  a  little. 

Why  is  hydrogen  not  similar  to  the  halogens?   Later  in  the 
course  students  will  learn  that  hydrogen  has  no  p  electrons. 

Explain  that  there  are  many  differences  as  well  as  similari- 
ties among  elements  in  a  given  chemical  family.   If  there 
•  were  no  differences,  we  could  not  tell  the  elements  apart. 

This  film  might  well  be  shown  again  after  the  film  IONIZATION 
ENERGY  so  that  a  better  basis  for  understanding  similarities 
and  trends  is  available. 
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SUPPLEMENTARY  MP.TERIAL 

Just  as  this  film  was  completed,  the  evidence  for  such  com- 
pounds as  XePtFg,  XeF^^,  XeF^,  KrF.,  and  KrFp  began  to  accumu- 
late.  It  was  therefore  decided  that  a  supplement  should  be 
added  to  the  film  to  show  how  such  new  compounas  may  be  made, 
their  properties,  and  how  the  knowledge  of  them  substantiates 
the  concept  of  chemical  families. 

REFERENCES 

R.  T.  Sanderson,  Chemical  Periodicity,  Reinhold  Pub.  Corp., 
N.Y.  (i960). 


Produced  under  a  grant  from  the  National  Science  Foundation. 
Film  production  by  Davidson  Films,  San  Francisco. 
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MOLECULAR  MOTIONS 

15   MINUTES  IN  COLOR 

Collaborafor: 
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Claremont,  California 


SUMMARY:   Many  proper oies  of  mLitter  such  as  fluidity,  vaporl- 
zatlon  and  rates  of  chemical  reactions  indicate  that  molecular 
motion  must  be  occurring  and  that  the  freedom  of  motion  in- 
creases in  going  from  the  solid  to  the  liquid  to  the  gaseous 
state.   The  concepts  of  translational,  rotational,  and  vibra- 
tional molecular  motions  allow  the  Interpretation  of  the  ob- 
served properties.   The  use  of  animation  and  dynamic  models 
makes  clear  how  the  observed  properties  depend  on  the  types 
of  motion  occurring  at  the  molejiilar  level. 

PURPOSE:   To  illustrate  :.he  rypes  of  motion  present  at  the 
molecular  level  in  solids,  liquids,  and  gases  using  mechani- 
cal models  and  animation. 

PLACE  IN  CHEM  STUDY  CCUR3E:   After  Chapter  7,  Energy  Effects 
in  Chemical  Reactions. 

BEFORE  SHOWING:   Students  should  understand:   (a)  crystals 
consist  of  atoms  or  molecules  packed  together  in  a  regularly 
repeating  array,  (b)  translational  motion  consists  of  move- 
ment of  the  molecular  center  of  mass  through  space,  (c)  ro- 
tational motion  consists  of  movement  of  the  atoms  in  a  mole- 
cule around  a  molecular  axis,  (d)  vibrational  motion  consists 
in  "back  and  forth"  atomic  motions  in  a  molecule  or  a  crystal, 
(e)  heating  increases  the  energy  of  a  system. 

OUTLINE: 

1 .  Space  filling  models  of  crystals 

Models  and  corresponding  samples  are  shown  for  mercury, 
ice,  water,  and  dry  ice.   Observations  of  phenomena  such 
as  the  melting  of  mercury,  condensation  of  mercury  vapor, 
and  the  sublimation  of  carbon  dioxide  indicate  that 
molecules  have  motion  not  represented  in  the  static  models 

2.  Glass  bead  model 

A  good  model  of  a  monatomic  substance  such  as  mercury 
is  obtained  by  sandwiching  a  single  layer  of  glass 
cylinders  between  two  layers  of  glass.   The  model  is 
vibrated  to  simulate  the  effect  of  temperature.   A  close 
packed  crystal  is  seen  when  the  agitation  is  slow.   When 
it  is  Increased,  motion  similar  to  that  In  a  liquid  is 
seen. 
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3.  Translatlonal  motion  in  gases 

Heating  mercury  In  an  evacuated  tube  causes  condensation 
In  the  cooler  portion  of  the  tube.   Performing  the  sajne 
experiment  with  the  addition  of  chips  of  blue  glass 
causes  the  blue  glass  to  fly  about  violently.   Apparently 
the  translatlonal  energy  of  the  mercury  atoms  drives  the 
glass  chips  up  Into  the  tube. 

4.  Animation  shows  translatlonal,  rotational,  and  vibrational 
motion  In  gases 

Translatlonal  motion  Is  motion  from  place  to  place.  Rota- 
tion Is  a  turning  motion  around  the  center  of  mass  of  a 
molecule,  whereas  vibration  Is  a  bond  bending  or  stretch- 
ing motion.   Vibration  is  shown  In  formamlde,  water,  and 
heavy  water,  vibrational  energy  change  In  a  diatomic 
molecule  Is  she  ■  n  In  collision,  and  In  the  absorption 
and  emission  of  light. 

5.  Motion  In  a  llqild 

A  mechanical  model  shows  motion  In  a  liquid.   Since  there 
Is  little  open  space,  motion  In  a  liquid  consists  mainly 
of  hindered  rotation  with  some  net  translation.   A  marked 
molecular  model  is  placed  in  a  shaking  table  of  unmarked 
models  and  the  obstruction  to  movement  of  a  particular 
molecule  in  a  liquid  is  depicted. 

6.  Diffusion  in  liquids,  gases,  and  solids 

When  aqueous  permanganate  solution  is  added  to  an  aqueous 
ferrous  solution,  the  color  change  shows  that  reaction 
occurs  as  rapidly  as  the  liquids  mix.   When  the  potasslur. 
permanganate  is  added  in  crystalline  form,  however,  the 
crystal  does  not  disappear  rapidly.   Instead,  there  is 
a  slow  development  of  color  near  the  crystal,  defining 
a  region  in  which  ferrous  ion  has  been  consumed.   This 
colored  region  increases  slowly,  limited  by  the  slow 
process  by  which  the  crystal  dissolves  and  by  the  slow 
movement  of  the  colored  ions  through  the  liquid.   Stir- 
ring aids  the  molecular  mixing,  and  reaction  occurs. 
When  a  vial  of  bromine  is  broken  in  a  tall  cylinder, 
diffusion  is  much  more  rapid.   Diffusion  is  so  slow  in 
solids  that  it  is  usually  difficult  to  observe. 

7.  Effect  of  heat 

A  solid  mixture  of  sulfur  and  zinc  remains  unreacted. 
Heat  causes  a  vigorous  reaction  because  molecular  motions 
increase.   Hydrogen  and  oxygen  can  be  mixed  at  room 
temperature  with  no  reaction,  but  heat  increases  the 
energy  of  molecular  collisions,  and  reaction  occurs. 
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AFTER  SHOWING: 

1.  Discuss  (a)  translatlonal,  rotational,  and  vibrational 
motion,  (b)  the  effect  of  temperature  on  molecular  motion, 
(c)  the  nature  of  solid- liquid  and  liquid-gas  phase  changes 
in  terms  of  molecular  motion. 

2.  Why  does  rubbing  two  sticks  together  cause  the  sticks  to 
become  warm?   Answer:   Rubbing  requires  work  on  the  two  sticks 
which,  by  conservation  of  energy,  appears  as  heat  in  the  sticks 
The  warmth  implies  that  molecular  motions  have  increased. 

3.  Why  is  the  ocean  composed  of  fresh  water  far  out  of  sight 
of  land  near  the  mouth  of  the  Amazon  River?   Answer:   The 
rate  of  mixing  of  the  fresh  water  and  the  ocean  water  is  a 
relatively  slow  process  because  of  the  obstruction  to  molec- 
ular movement  in  a  liquid.   Since  the  river  empties  a  large 
amount  of  fresh  water  into  the  sea,  this  fresh  water  moves 
far  out  to  sea  before  mixing  becomes  significant. 

4.  The  molar  heat  capacity  is  the  amount  of  heat  required 
to  raise  the  temperature  of  one  mole  of  a  substance  one 
degree  Centigrade.   Explain  in  terms  of  molecular  motions 
why  the  heat  capacity  of  gaseous  helium  is  less  than  the  heat 
capacity  of  gaseous  hydrogen,  which  is,  in  turn,  less  than 
the  heat  capacity  of  gaseous  water. 

Answer:   For  all  gases.  Including  helium,  raising  the  tempera- 
ture places  more  energy  in  the  translatlonal  movements  of 
the  particles.   For  polyatomic  molecules,  raising  the  tempera- 
ture also  places  more  energy  in  the  vibrational  and  rotational 
movements  of  the  molecules.   Hence  hydrogen,  Hp,  has  a  higher 
heat  capacity  than  helium.   Water,  with  three   atoms,  has 
more  kinds  of  vibrational  movements  than  hydrogen  and  three 
axes  around  which  to  rotate  compared  to  two  for  hydrogen. 
Hence,  gaseous  water  has  a  higher  heat  capacity  than  hydrogen 
gas. 

SUPPLEMENTARY  MATERIAL: 

Different  molecular  motions  became  important  at  different 
temperatures.   In  gases  at  very  low  temperatures  (50 °K) 
translation  is  most  important.   At  higher  temperatures  mole- 
cules of  all  but  the  monatomic  gases  also  rotate.   Vibration 
becomes  appreciable  for  most  molecules  at  higher  temperatures, 
well  above  room  temperature.   In  solids,  vibrations  of  the 
lattice  are  important  at  all  temperatures.   Molecular  rotation 
occurs  in  only  the  simplest  molecular  solids,  such  as  solid 
hydrogen. 

Produced  under  a  grant  from  the  National  Science  Foundation. 
Film  production  by  National  Science  Films,  Van  Nuys,  California. 
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VIBRATION  OF  MOLECULES 

12  MINUTES  IN  COLOR 

Collahnraton: 

I'KoffcssoR  Lin  Lb  Pauling  and  Professor  Richard  M.  Badger. 

Calrfornia  Institute  of  Technology, 

Pasadena,  California 


SUMMARY:   The  film  shows  the  relationship  between  the  structure  of  a 
molecule  and  its  vibrational  motions.  Water,  carbon  dioxide,  and  methane 
are  discussed  in  detail.   The  forms  of  the  vibrations  have  been  accurately 
calculated  from  snectral  data.  All  vibrations  have  been  slowed  down  by 
a  factor  of  10-^^.   The  effect  of  molecular  collision,  or  absorption  of 
light,  on  molecular  vibrations  is  illustrated.  Determination  of  the 
number  of  possible  vibrations  and  the  analysis  of  complex  vibrations  in 
terms  of  simple  harmonic  motions  are  explained. 

PURPOSE:   As  used  in  the  CHEM  Study  course,  the  purpose  of  this  film  is 
to  show  that  molecules  vibrate,  and  that  vibration  is  one  of  the  ways  in 
which  energy  is  contained  in  the  molecule.  At  the  time  this  film  was 
made  a  part  of  the  series,  it  was  felt  that  it  could  accomplish  this  pur- 
pose reasonably  well,  although  it  was  realized  that  some  of  the  concepts 
introduced  were  clearly  beyond  the  level  of  an  introductory  course.   Itie 
high  school  teacher  will  probably  find  that  for  his  classes  the  purposes 
served  by  this  film,  and  other  purposes  as  well,  will  better  be  served 
by  film  #4ll5,  MOLECULAR  MOTIONS.   This  latter  film,  which  was  completed 
in  1963^  is  much  more  specifically  integrated  with  the  CHEM  Study 
course.   The  use  of  MOLECULAR  MOTIONS  instead  of,  or  in  addition  to 
VIBRATION  OF  MOLECULES  is  recommended  for  high  school  classes. 

PLACE  IN  CHEM  STUDY  COURSE:   Late  in  Chapter  7,  Energy  Effects  in  Chemi- 
cal Reactions,  after  7- 3*2.   (see  comments  above)   Some  teachers  may 
find  that  the  film  and  the  supplementary  material  will  be  more  under- 
standable if  the  film  is  used  with  Chapter  Ik   and  after  showing  the 
film  MOLECULAR  SPECTROSCOPY. 

BEFORE  SHOWING:   Discuss  the  purposes  of  the  film.   Discuss  translations 
rotational  and  vibrational  motions  as  forms  in  which  kinetic  energy 
resides  in  molecules  having  more  than  one  atom.  Remind  students  that 
the  vibrations  are  shown  in  animation  at  l/lO^^  their  frequency.   Ttiis 
is  roughly  comparable  to  a  ringing  alarm  clock  giving  forth  one  ding 
every  3  million  years.  Point  out  that  several  of  the  concepts  intro- 
duced in  the  early  part  of  the  film  are  quite  advanced  and  will  not  be 
used  in  the  CHEM  Study  course. 

OUTLINE: 

1.  Use  of  the  infrared  spectrometer  to  determine  vibrational  frequencies 
of  molecules  is  shown  schematically.  A  mixture  of  gases  is  shown 
in  animation  undergoing  translational  and  rotational  motions,  which 
are  mentioned  in  the  narration. 
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2.   Vibrational  motion  is  defined  as  movement  which  changes  the  intemu- 

clear  distances  of  a  multi-atom  molecule.   It  is  illustrated  first  with 
a  diatomic  molecule,  then  with  a  forroaraide  molecule. 

3«   The  vibra-cor  of  formamide  is  analyzed  into  several  normal  modes  of 
vibration  or  types  of  simple  harmonic  motions,  all  going  on  simultan- 
eously.  The  modes  are  of  several  frequencies,  but  are  synchronized 
so  that  all  nuclei  pass  through  their  equilibrium  positions  at  the 
same  time. 

^.   The  number  of  possible  modes  of  vibration  is  stated  to  be  3N-6  where 
N  is  the  number  of  atoms.  This  is  then  derived  for  the  water  molecule 
using  three  coordinates  to  locate  the  center  of  mass,  three  more  to 
define  its  angular  position  about  this  center  of  mass,  and  three 
more  to  define  the  intemuclear  distances  and  bond  angles,  a  total  of 
nine  coordinates.  Only  the  last  3,  or  3N-6  (3x3-6)  are  needed  to 
describe  the  molecules  internal  (vibrational)  motions. 

5«   The  three  normal  modes  for  H2O  are  shown  to  be  symmetric  stretching, 
asymmetric  stretching-bending,  and  symmetric  bending  (primarily) . 

o.   Heavy  water,  D2O,  is  compared  to  H2O  to  show  that  frequencies  depend 
on  nuclear  masses  as  well  as  oond  strength. 

T«   Using  CO2  as  an  example,  the  numoer  of  normal  modes  for  a  linear  mole- 
cule is  similarly  shown  to  be  3N-5-   The  four  CO2  modes  are  shown  to 
be  symmetric  stretching,  asynmetric  stretching,  and  two  bending  modes 
having  the  same  frequency.   Tne  combination  of  the  two  bending  nodes 
into  a  single  degenerate  mode  is  shown. 

^'       The  modes  of  methane  are  shown  to  be  9  in  number,  with  double  and 

triple  degeneracy  lowering  this  number  to  four  different  vibrational 
frequencies. 

9-       Increasing  and  decreasing  the  amplitude  of  a  CO  molecule  through  col- 
lisions with  other  molecules  and  by  absorption  and  emission  of  light 
is  sho^vn.   The  frequency  does  not  change.   "Excitement"  of  modes  of 
H2O  is  shown  to  occur  individually  or  in  any  combination. 

10.   Possession,  absorption,  and  emission  of  energy  by  a  molecule  is  shown 
to  be  in  discrete  quanta,  at  one  of  its  normal  frequencies  of  vibra- 
tion.  This  is  shown  schematically  to  be  useful  in  identifying  mole- 
cules, and  measuring  molecular  ener^  levels  and  bond  strengths. 

13.   Raman  spectra,  nuclear  magnetic  resonance,  and  microwaves  are  mentioned 
as  other  means  of  obtaining  information  about  molecular  structure. 

Ai'Tii^-t  SHOWING:   Reinforce  the  point  that  rotation  and  vibration  occur 
in  molecules  having  two  or  more  atoms.   Each  compound  has  its  character- 
istic set  of  frequencies  or  "fingerprint",  different  from  that  of  any 
other  compound. 
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Discussion  of  the  formulas  for  number  of  normal  modes  and  the  coor- 
dinates used  in  deriving  them  should  be  minimized.  Likewise  degen- 
erate modes  of  \'ibration  need  not  be  discussed.  These  concepts  are 
not  used  in  the  course.  The  notion  that  energy  is  gained  or  lost 
only  in  discrete  packets  or  quanta  is  not  introduced  until  Chapter 
Ik   of  the  text,  and  there  in  connection  with  electrons.  If  the 
question  comes  up,  confirm  that  it  is  so,  and  that  the  idea  will  be 
developed  and  used  later. 

SUPPLEMElfCARY  MATERIAL:  Ask  students  what  macroscopic  properties  of 
matter  are  influenced  by  the  existence  of  vibrational  degrees  of 
freedom.  The  most  notable  is,  perhaps,  the  heat  capacity  of  gases. 
Compare  the  following  data: 

carbon 
Gas  argon     monoxide    water    methane    ethylene 


No.  vibrations 

0 

1 

3 

9 

12 

Heat  capacity: 
cal/degree  per  mole 

3 

7.0 

8.0 

8.5 

10.  U 

This  reflects  the  fact  that  raising  the  temperature  not  only  increases 
the  energy  in  translational  movement,  but  also  in  vibrational  move- 
ment. 

Ask  what  substances  can  be  expected  to  absorb  in  the  infrared  where 
vibrations  can  be  excited.  The  answer  is,  "anything  with  bonds".  This 
is  true  with  only  a  few  exceptions.  Neither  nitrogen  or  oxygen,  for 
instance,  absorb  infrared  light,  though  they  vibrate,  because  the  elec- 
trical symmetry  of  the  molecule  is  not  disturbed  as  it  vibrates,  hence 
there  is  no  "handle"  for  the  light  to  use  in  exciting  the  molecule. 
With  this  background,  ask  the  students  whether  glass  would  be  trans- 
parent throughout  the  infrared,   (it  is  not:   in  fact  a  glass  window 
is  used  as  an  opaque  shutter  in  some  infrared  spectrometers).  Ask 
the  students  if  our  atmosphere  is  transparent  throughout  the  infrared 
and  if  not,  why  not.   (It  is  not  because  the  atmosphere  contains  lots 
of  H2O  and  CO2.   In  the  regions  where  these  absorb  the  atmosphere  is 
opaque.  That  is  why,  for  example,  we  do  not  know  how  much  HgO  is  pres- 
ent on  Mars.   Telescopes  must  look  at  Mars  through  our  atmosphere  and 
cannot  "see"  at  the  right  frequencies. 

This  will  be  avoided  in  rocket-borne  instruments.  Another  important 
effect  of  this  atmospheric  absorption  of  light  is  seen  in  the  heat 
balance  of  the  planet.  Infrared  radiated  by  the  planet  is  absorbed 
by  the  atmosphere,  moderating  the  day-to-night  temperature  changes.) 

Produced  in  cooperation  with  the  American  Chemical  Society 
Film  production  by  Sutherland  Educational  Films,  Inc. 
Los  Angeles,  California 
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AN  INTRODUCTION  TO  REACTION  KINETICS 

13  MINUTES  IN  COLOR 

Collahorttor: 

Professor  Henry  Eyring,  University  of  Utth, 

Salt  Lake  City,  Utah 

SUMMARY:   The  film  illustrates  the  mechanisms  of  some  simple  chemical  re- 
actions. It  explains  the  effect  of  temperature,  activation  energy,  geometry 
of  collision,  and  catalysis  upon  the  rate  of  reaction.  The  reaction  between 
hydrogen  and  chlorine,  and  hydrogen  and  iodine  are  used  to  illustrate  the 
concepts  of  the  film.  The  speed  of  action  has  been  slowed  down  by  a  factor 
of  more  than  lo"  based  on  the  number  of  collisions  per  second.  Potential 
energy  curves  clarify  the  relationship  between  the  energy  required  for  a 
reaction  to  occur  and  the  relative  position  of  the  reaction  particles  be- 
fore, during  and  after  the  collision. 

PURPOSE:  As  used  in  the  CHEM  Study  course,  the  purpose  of  this  filB  is  to 
introduce,  clarify  and /or  review  the  following  concepts: 

(1)  simple  reaction  mechanisms 

(2)  activation  energy 

(3)  the  activated  complex 

(k)   factors  affecting  rate  of  reaction 

PLACE  IN  CHEM  STUDY  COURSE :   After  Experiment  1^  at  beginning  of  Chapter  8, 
The  Rates  of  Chemical  Reactions,  and/or  as  a  review  at  the  end  of  the 
Chapter. 

OUTLINE: 


1.  The  reaction  between  hydrogen  and  chlorine  is  shown  to  proceed  very 
slowly  when  the  mixture  is  cold,  mere  rapidly  at  higher  temperature, 
and  explosively  when  ignited  by  a  spark.  This  is  interpreted  as  in- 
volving the  following  chain  reaction: 


CI2  +  energy 

-*  2C1 

CI  +  H2    -* 

HCl  +H 

II  +  ci^   -^ 

HCl  +  CI 

and  so  forth 

The  chain  breaking  reaction  2C1  — ►  Cl^  is  also  shown.   The  "activated 
complex"  is  shown  as  a  short  lived  intermediate. 

2.  Whether  or  not  collisions  result  in  reaction  is  shown  to  depend  on 
the  kinetic  energy  of  the  colliding  species.  Potential  energy  diagram 
for  the  reaction  H+  CI2  -*HC1  +  CI  is  shown.   The  activated  complex 
HClg  is  described  in  greater  detail.  The  potential  energy  barrier  is 
shown  to  prevent  reaction  except  where  the  colliding  particles  have 
sufficient  kinetic  energy  to  overcome  it.   The  shapes  of  the  potential 
energy  curve  for  H  +  CI2  "^  HCl  +  CI  is  compared  to  that  for  Hg  +  CI  -^ 
HCl  +  H. 

3.  The  reaction  H2  +  lo  "*"  2HI  is  shown  to  result  primarily  from  collisions 
of  H2  and  I2  molecules,  rather  than  molecules  of  one  with  atoms  of  the 
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other.   The  potential  energy  barrier  for  this  reaction  is  shown  to  "be 
higher  than  for  the  reactions  previously  discussed.   The  height  of  the 
barrier  is  shown  to  depend  on  the  geometry  of  the  collision,  less 
activation  energy  being  required  when  a  symmetrical  activated  complex 
is  formed. 

h.     Reversibility  of  the  H2  "^  I2  """^  2HI  reaction  is  shown.  Relative 
tendencies  for  the  two  reactions  to  occur  depend  on  the  relative 
heights  of  their  potential  energy  barriers  and  the  number  of  particles 
available  to  react.  An  initial  mixture  of  H2  and  I2  thus  moves  toward 
a  state  in  which  the  rates  of  forward  and  reverse  reactions  are  equal, 
or  a  state  of  equilibrium.   Because  the  forward  and  reverse  activa- 
tion energies  for  H2  "^  I2  *~  2HI  do  not  differ  greatly,  the  equilibrium 
constant  is  near  unity.  For  H2  +  CI2  Z^   2HC1,  however,  the  forward 
reaction  has  a  much  lower  activation  energy  than  the  reverse  reaction. 
Hence  the  equilibrium  constant  is  very  high,  favoring  products. 

5.  Frequency  of  collisions,  and  thus  reaction  rate,  is  shown  to  increase 
with  the  concentration  or  partial  pressures  of  the  reacting  species. 
Increasing  temperature  is  shown  to  increase  the  reaction  rate  by 
causing  more  of  the  collisions  to  have  sufficient  energy  to  result  in 
reactions.   Catalysts  are  substances  that  increase  reaction  rate  by 
providing  a  new  reaction  mechanism,  usually  with  lower  activation 
energy.  An  enzyme  is  a  biologically  important  catalyst. 

BEFORE  SHOWII^:   Used  as  a  review  near  the  end  of  Chapter  8,  the  film  calls 
for  no  special  preparation  beforehand.   Used  as  an  introduction,  the  film 
should  follow  a  thorough  post-lab  discussion  of  Experiment  Ik,    "A  Study 
of  Reaction  Rates".  The  students  should  be  allowed,  on  the  basis  of  their 
laboratory  evidence,  to  formulate  their  own  ideas  about  factors  affecting 
reaction  rates  before  the  film  is  shown.   Students  will  get  most  out  of 
the  film  if  they  are  curious,  ahead  of  time,  about  why  not  all  collisions 
result  in  reaction.  Remind  students  that  all  action  is  shown  at  about 
1/108  its  actual  speed.  A  grandfathers  clock  similarly  slowed,  would 
tick  or  tock  about  once  every  two  million  years. 

AFTER  SHOWIM}:   Discuss  the  relationship  of  the  concepts  presented  in  the 
film  to  the  evidence  gathered  in  Experiment  1^4..   Discuss  the  effect  on 
reaction  rate  of  (l)  activation  energy,   (2)  temperature,   (3)  concentra- 
tion. Point  out  that  one  overall  reaction  may  have  sevei^l  reaction 
paths.   The  path  having  the  lowest  activation  energy  is  the  one  most 
frequently  followed.   The  equation  for  the  overall  reaction  does  not 
usually  indicate  the  mechanism.   Catalysis  is  presented  in  greater  detail 
later  in  the  chapter  and  also  in  film  .r  ^127,  CATALYSIS.   The  concept  of 
chemical  equilibrium,  likewise,  is  thoroughly  treated  in  Chapter  7'  and 
subsequent  chapters,  and  in  film  vUl2^,  EqUILIBRIUM. 

SUPPLEI'lEITrARY  MATERIAI..:   A  discusGion  of  the  quantitative  relationship 
between  reaction  rate  constant  and  temperature  might  be  of  value.  A 
numerical  example  serves  to  underscore  how  important  temperature  is  in 
fixing  reaction  rates.   For  example,  the  rate  constant  depends  upon 
activation  energy,  AH  ^ ,  and  temperature  as  follows: 

-ah/rt 

k(T)=C'e  c=  proprotionality  constant 
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Contrasting  to  rate  at  27°C  (300"'K)  and  37*C  (BIO'K)  we  find: 

k(310)  =  ^_e:^*/R-310   _   ^_Mi*/R  (1/310  -  1/3OO) 

k(300)       -m*/T(T 
c*  e 

For  an  activation  energy  near  kO   kcals  (as  for  the  H  +  I^  reaction), 
this  ratio  becomes : 


k(310)  ^  ^-  UO, 000/2  (1/310  -  1/300)  ^  ^^ 
k(300) 

This  reaction  is  ten- fold  faster  with  a  ten  degree  temperature  rise. 
If  we  raise  the  temperature  from  room  temperature,  27'*C,  to  100*C, 
the  rate  constant  changes  by  a  factor  of  U'lO'' 


k(373)  ^  g-  ^0,000/2  (1/373  -  l/300)  ^  ^^^^5 
k(300) 


Produced  in  cooperation  with  the  American  Chemical  Society 
FilF:  production  by  Sutherlano  Tsducational  Films,  Inc. 
T.os  Angeles ^,  California 
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EQUILIBRIUM 

24  MINUTES  IN  COLOR 

Collaborator: 

Professor  George  C.  Pimentel,  University  of  California, 

Berkeley,  California 


SUMMARY:   The  film  deals  with  three  questions:   What  Is  cheml- 
cal  equilibrium?   How  does  the  chemist  recognize  It?  How  does 
he  explain  It?   In  answering  the  questions  the  film  stresses 
the  dynamic  nature  of  equilibrium.   Radioactive  tracers  aj?e 
used  to  demonstrate  the  dynamic  molecular  behavior  of  the 
substainces  at  equilibrium  In  a  closed  system.   An  ajialogy  In 
terms  of  fish  population  In  two  connected  bowls,  and  anima- 
tion using  molecular  models,  present  the  concepts  with 
striking  simplicity. 

PURPOSE:   To  characterize  chemical  equilibrium  by  constancy 
of  macroscopic  properties  and  to  present  experimental  evidence 
that  equilibrium  Is  a  dynaimlc  balance  between  opposing  reactions. 

PLACE  IN  CHEM  STUDY  COURSE:   To  go  with  Chapter  9,  Equilibrium 
In  Chemical  Reactions. 

BEFORE  SHOWING:   Students  should  understand  the  use  of  molec- 
ular  models,  ^he  fact  of  molecular  motion  and  diffusion,  of 
pressure  measurement  of  gases,  and  Le  Chateller^s  Principle. 

Discuss  the  existence  of  radioactive  atoms  and  the  fact  that 
a  low  level  of  counting  called  "background"  Is  normal.  Even 
with  low  radiation  levels  some  precautions,  like  gloves,  are 
required. 

OUTLINE; 

1.    Factors  which  become  constant  at  equilibrium 

Solid  Iodine  Is  dissolved  In  an  alcohol-water  solvent. 
Color  chSLnges  are  noted.   Constant  color  Is  achieved 
when  the  solution  Is  saturated.   The  question  Is  asked: 
"How  can  we  recognize  equilibrium?"   The  answer  Is 
sought  by  observations  of  constant  macroscopic  properties. 
The  question  Is  asked:   "How  can  we  explain  equilibrium?" 
The  answer  Is  sought  In  terms  of  experiments  which  expand 
our  knowledge  of  molecular  behavior.   As  an  analogy  the 
behavior  of  gold  fish  Is  considered  In  two  connecting 
bowls  serving  as  a  closed  system.   At  equilibrium  It  Is 
observed  that  there  Is  constant  population  of  fish  In 
each  bowl.   As  a  chemical  system,  the  behavior  of  bromine 
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vapor  in  two  bulbs  is  studied.  Bromine  vapor  flows  from 
one  bulb  Into  a  second  evacuated  bulb;  equilibrium  is 
found  to  be  characterized  by  constant  color  and  by  equal 
pressure  in  both  bulbs. 

2.  Chemical  equilibrium  and  Le  Chatelier's  Principle 

The  equilibrium  reaction  is  discussed:   31^ +3HpO  «  5I"+ IO3" + 

Sh"*".   NaOH  is  added  to  the  iodine  solution  in  water.  The 
resulting  changes  are  explained  by  means  of  Le  Chatelier's 
Principle.  Understanding  of  the  equilibrium  is  confirmed 
by  adding  lead  nitrate  solution  to  precipitate  yellow  lead 
iodide. 

3.  dynamic  nature  of  equilibrium 

Marked  fish  are  added  to  the  fish  bowls  already  at  equi- 
librium and  the  resulting  movement  is  noted.   The  analogous 
chemical  experiment  is  performed  using  Qeiger  counters  to 
observe  the  diffusion  of  radioactive  bromine  through 
ordinary  bromine  vapor.   The  diffusion  of  radioactive 
bromine  is  plotted  using  recorders  over  a  several-hour 
period,  and  the  results  are  discussed.  Radioactive  iodine 
is  added  to  a  saturated  solution  of  ordinary  iodine.   To 
obtain  evidence  for  the  dynamic  nature  of  equilibrium, 
the  saturated  iodine  solution  is  decanted  and  tested  for 
radioactivity.   The  details  of  the  dissolving  process  are 
explained  by  the  use  of  animated  molecular  models.   At 
equilibrium  it  is  concluded  that  the  rate  of  crystal- 
lization is  equal  to  the  rate  of  dissolving,  and  that 
these  are  balanced  opposing  reactions.   Lead  iodide  is 
precipitated  and  its  radioactivity  is  shown  in  order  to 
obtain  evidence  concerning  dynamic  molecular  behavior 
at  equilibrium. 

APTER  SHOWING;   Discuss  the  first  point  made  by  the  film, 
the  characterization  of  equilibrium  by  constant  macroscopic 
properties.  Raise  for  discussion  the  question  of  whether 
equilibrium  exists  in  a  flame  in  view  of  the  fact  that  the 
temperature  and  gas  composition  are  constant  at  a  particular 
point  in  the  flame.   The  answer  is  no  because  the  system  is 
not  closed.   Gas  and  air  enter  at  tTTe  bottom,  and  combustion 
products  leave  at  the  top  of  the  flame.   This  is  called  a 
•'steady  state".   In  contrast,  when  the  constituents  in  the 

reaction  3lp  +  3HpO  =  51'  +  lOo'  +  Sh"*"  reach  constant  concen- 
tration, this  is  an  equilibrium  situation  because  no  material 
is  entering  or  leaving.   If  no  student  asks,  raise  the  ques- 
tion of  the  fact  that  the  beaker  is  open.   This  permits  vola- 
tile materials  to  leave  by  evaporation — does  this  make  the 
system  an  open  system?   It  does  provided  the  equilibrium  is 
studied  over  several  days  so  that  evaporation  is  noticeable. 
For  usual  experiments  lasting  at  most  a  few  hours,  evaporation 
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can  be  so  slow  that  it  can  be  ignored  and  open  beakers  of 
aqueous  solutions  can  be  treated  as  closed  systems. 

Contrast  the  first  two  examples,  pressure  equilibrium  and 
solubility  equilibrium.   Notice  that  pressure  equilibrium 
is  achieved  when  the  pressures  are  equal  (gas  concentrations 
are  the  same)  but  the  solubility  equilibrium  involves  dif- 
ferent liquid  and  solid  concentrations.   In  both  cases"^  FTow- 
ever,  there  is  a  balance  between  opposing  rates,  and  this 
balance  characterizes  equilibrium.   Reinforce  this  point  by 
asking  what  the  fish  populations  would  be  at  equilibrium  if 
the  left  bowl  were  twice  as  large  as  the  right.   Of  course, 
the  left  would  have  double  the  population  of  the  right  to 
achieve  equal  concentration.  Just  as  would  be  the  case  at 
pressure  equilibrium  in  the  gas  bulbs  if  the  left  bulb  were 
doubled  in  size.   Continue  with  the  chemical  equilibrium  by 
asking  what  characterizes  chemical  equilibrium  in  the  reac- 
tion forming  I"  and  lOo"  from  Ip.   Again,  it  is  the  balance 

of  opposing  rates,  3lp  +  3HpO  -*  products  _vs.  reactants 

*-  51  +  lOo  +  6h  .   Again  observe  that  at  equilibrium  the 

concentrations  of  Ip  and  I"  will  usually  be  different--as 

required  to  achieve  a  balance  between  opposing  rates, 

SUPPLEMENTARY  MATERIAL: 

Students  sometimes  ask  why  a  solvent  mixture  is  used 
(CpHnOH-HpO)  rather  than  either  pure  constituent.   A  good 

response  to  this  is  to  ask  the  student  to  try  the  two  pure 
constituents  as  solvents  for  Ip  and  have  him  report  the  re- 
sult to  the  class  the  next  day.   Ip  has  extremely  small  solu- 
bility in  pure  water  and  so  much  solubility  in  C^Hc-OH  that 
the  solution  is  opaque  and  color  intensity  cannot  -^be  used 
as  a  measure  of  concentration. 

Rarely  a  bright  student  will  note  the  apparent  contradiction 
between  the  requirement  of  constancy  of  macroscopic  properties 
as  a  criterion  of  equilibrium  and  the  requirement  of  a  chang- 
ing property  to  demonstrate  the  dynamic  nature  of  equilibrium. 
Valuable  discussion  can  be  evoked  beginning  with  this  question. 
In  essence,  the  issue  is  that  a  chemist  often  deals  with  a 
system  at  equilibrium  with  respect  to  some  of  its  properties 
on  one  time  scale  while  being  out  of  equilibrium  with  respect 
to  other  properties  on  another  time  scale.   Thus  pressure 
equilibrium  is  quickly  established  in  two  bulbs,  much  more 
rapidly  than  the  diffusional  process  by  which  the  radioactive 
Brp  distributes  between  the  two  bulbs.   The  system  is  at 
pressure  equilibrium  but  it  is  not  at  radioactivity  equilibrium. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Davidson  Films,  San  Francisco 
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CATALYSIS 

17  MINUTES  IN  COLOR 

Collaborator: 

Professor  Richard  Powell,  University  of  California, 

Berkeley,  California 


SUMMARY:   A  catalyst  is  shown  to  be  a  substance  which  speeds  a  reaction 
by  providing  a  new  reaction  mechanism  to  an  already  possible  reaction. 
The  new  mechanism  ordinarily  has  a  low  activBtion  energy.   The  catalyst 
reacts,  then  is  regenerated  at  a  later  stage  of  the  mechanism. 

PURPOSE:   To  explain  the  mechanism  of  catalysis.  To  introduce  the 
concepts  of  intermediate  stages  and  catalyst  regeneration  in  the  cata- 
lytic reaction  path.  To  compare  the  potential  energy  requirements  of 
catalyzed  and  uncatalyzed  reactions.   To  show  several  different  types 
of  catalyzed  reactions.   To  suggest  the  importance  of  catalysis  as  an 
area  for  research. 

PLACE  IN  CHEM  STUDY  COURSE:   At  the  end  of  Chapter  8,  The  Rates  of 
Chemical  Reactions. 

BEFORE  SHOWIUG: 

1.  Be  sure  students  will  recognize  models  of  the  various  simple  mole- 
cules shown  in  the  film:   H2O2,  HCOOH  (formic  acid),  E230k>   %>  ^2' 
H2O.  Benzidine  is  shown,  but  no  past  experience  with  it  is 
necessary. 

2.  Be  sure  the  students  are  acquainted  with  the  factors  governing  the 
rates  of  ordinary  non- catalyzed  reactions:   the  need  for  collisions, 
the  need  for  activation  energy  to  permit  bond  breaking,  the  need 
for  proper  orientation  (geometry)  during  collision. 

3.  Be  sure  the  concept  of  the  potential  energy  curve  is  familiar,  e.g., 
trace  the  progress  of  some  ordinary  uncatalyzed  reactions  along  a 
potential  energy  curve,  thus  illustrating  exothermic  and  endother- 
mic  reactions,  and  activation  energy. 

h.     View  the  film  Introduction  to  Reaction  Kinetics. 

OUTLINE: 

1.  Comparison  of  uncatalyzed  and  catalyzed  reactions: 

(a)  Sodium  and  water--uncatalyzed 

2Na(s)  +  2H2O  =  2Na"^+  20H"  +  H2(g) 


(b)  Copper  and  nitric  acid--uncatalyzed 

Cu(s)  +  UHNO^  =  Cu   +  2N0^  +  2N02(g)  +  2H2O 
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(c)  Decomposition  of  hydrogen  peroxide- -catalyzed  by  manganese  dioxide 
2H2O2  =  2H2O  +  02(g) 

2.  Acid  catalyzed  decomposition  of  formic  acid: 

(a)  Pure  formic  acid  shows  no  visible  decomposition 

(b)  Addition  of  sulfuric  acid  causes  generation  of  CO  gas; 
HCOOH  -  H2O  +C0 

(c)  Addition  of  hot  phosphoric  acid  causes  generation  of  CO  gas; 
this  solution  must  be  hot  because  phosphoric  is  a  weaker  acid 
than  sulfuric. 

(d)  Animation  of  sulfuric  acid  and  formic  acid  reacting,  forming 
water,  CO,  and  regenerating  sulfuric  acid 

HCOOH  +  H230i^  =  HC00H2'^  +  HSO]^' 

+      + 
HCOOH2  =  HCO  +  H2O 

HCO"^  t-  HSO]^"  r  CO  +  HgSOj^ 

Net:   HCOOH  =  HO  +  CO 

(e)  Potential  energy  curve  for  the  uncatalyzed  reaction  (^E^^^^  is 
22  kcal/mole)  and  comparison  to  that  for  the  catalyzed  reaction 
(^act  is  18  kcal/mole) 

(f)  Animation  of  the  catalyzed  reaction  coupled  with  the  potential  energy 
diagram  shows  the  energy  requirements  for  each  step. 

3.  Platinum  catalyzed  reaction  of  hydrogen  with  oxygen: 

(a)  Experiment  showing  formation  of  water  from  hydrogen  and  oxygen 
when  platinum  is  used  as  a  catalyst 

2H2(g)  +  02(g)  =  2H2O 

No  detectable  water  formed  when  iron  or  copper  is  tried  as  a 
catalyst 

(b)  Molecular  animation  of  the  platinum  catalyzed  reaction 
02^^)  r  20  (on  platinum  surface) 

^2(5)  +  0  (on  platinum  surface)  z   H20(g) 

(c)  Potential  energy  diagram  coupled  with  animation  shows  the  energy 
requirements  at  each  step. 
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k.     Catalysis  "by  enzymes  is  used  in  crime  -detection  as  a  test  to  determine 
if  stains  are  blood: 

(a)  Suspected  stains  are  added  to  a  solution  of  acidified  benzidine 
and  hydrogen  peroxide.  Appearance  of  a  blue  color  shows  peroxi- 
dase, the  stains  may  be  blood. 

(b)  Animation  shows  the  role  of  the  enzyme  peroxidase  in  catalyzing 
the  reaction  between  benzidine  and  hydrogen  peroxide. 

AFTER  SHOWING: 

1.  Present  these  and  similar  questions  to  establish  the  extent  of  under- 
standing by  the  students: 

(a)  If  a  catalyst  is  removed,  does  the  reaction  stop  completely? 

Ans:   No,  only  the  reaction  by  the  catalyzed  path  stops.   The  reaction 
by  any  uncatalyzed  path  continues. 

(b)  It  is  said  in  the  film  that  a  catalyzed  reaction  proceeds  through 
one  or  more  chemical  intermediates.  What  were  the  intermediates 
shown? 

+        + 
Ans:   For  the  formic  acid  reaction  HC02Hp  and  HCO  ;  for  oxygen- 
hydrogen  reaction  a  surface  oxide  of  Pt;  for  the  peroxidase  reaction 
RFe(HOOH)  +++and  RFe(OH)+++. 

(c)  Is  it  possible  to  see  or  otherwise  detect  directly  these  inter- 
mediates? 

Ans:  Yes,  there  is  usually  enough  intermediate  built  up  so  it  can 
be  detected  by  sensitive  measurements.  In  the  examples  given,  the 
intermediates  have  been  detected  . 

(d)  Will  a  catalyzed  reaction  go  faster  if  more  catalyst  is  added? 
Explain. 

Ans:  Usually;  there  will  be  more  collisions  between  catalyst  and 
the  reactant  with  which  it  combines,  and  more  of  the  intermediate 
will  be  built  up. 

(e)  Suppose  that  an  uncatalyzed  reaction  is  proceeding  to  give  a 
certain  set  of  products.   Is  it  possible  that  a  catalyst  can  be 
added  which  would  force  the  net  reaction  to  go  in  the  opposite 
direction? 

Ans:   No,  the  catalyst  can  only  make  the  reaction  go  more  rapidly. 
The  direction  of  a  spontaneous  reaction  is  determined  by  the  initial 
and  final  energies  on  the  potential  energy  diagram,  and  these  are 
the  same  whether  catalyst  is  present  or  not. 
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2.  Other  acid" catalyzed  reactions  Include; 

(a)  They  hydrolysis  of  sucrose  Into  glucose  plus  fructose;  this  pro- 
cess Is  used  In  candy  making,  because  the  mixture  of  sugars  Is  less 
apt  to  crystallize  than  a  single  pure  sugar. 

(b)  The  hydrolytlc  cleavage  of  nylon;  nylon  Is  theoretically  un- 
stable In  the  presence  of  water,  but  does  not  decompose  rapidly  ex- 
cept In  acidic  solution.  Try  6M  HCl  on  a  scrap  of  nylon. 

3.  In  many  pocket  handvarmers  platinum  catalyzes  the  reaction  between 
O2  and  a  hydrocarbon. 

k.     Some  common  enzymes; 

(a)  Besides  blood,  a  good  source  of  peroxidase  Is  turnip  Juice. 
Grate  a  turnip  and  allow  It  to  stand  for  an  hour  to  become  juicy, 
then  try  this  Juice  on  E^2   alone;  on  H2O2  with  something  oxldlzable 
(such  as  potassium  Iodide  or  benzidine)  in  it. 

(b)  Meat  tenderizer,  e.g.  "Adolph's",  contains  the  protein-splitting 
enzyme  papain,  from  Papaya  Juice. 

(c)  Snails  have  a  cellulose- splitting  enzyme,  cellulase . 

SUPPLEMENTARY  MATERIAL:  Even  the  decompositions  in  pure  formic  acid  Is 
catalyzed;  in  that  case,  by  the  acidity  of  the  formic  acid  Itself.  But 
formic  acid  is  weak,  the  activation  energy  high,  and  the  rate  therefore 
slow. 

Hydrogen  adsorbs  on  the  surface  of  platinum  as  H  atoms;  oxygen  adsorbs  on 
the  surface  of  platinum  as  0  atoms  (or  a  surface  oxide).  But  oxygen  is 
much  more  strongly  adsorbed  than  hydrogen,  so  at  the  temperature  of  the 
experiment,  there  are  about  10,000  atoms  of  surface  0  for  every  atom  of 
surface  H.  Thus  the  formation  of  the  surface  oxide  is  the  rate- determin- 
ing step,  and  almost  every  collision  of  hydrogen  molecules  with  this 
oxide  results  in  the  formation  of  water.  To  perform  this  reaction,  the 
platinum  surface  must  be  clean.  It  may  be  cleansed  by  holding  it  in  the 
flame  of  a  bunsen  burner. 

Reynolds  and  Chapman,  Proc.  Roy.  Soc,  AI56,  2Qk   (1936). 

Langmuir,  Trans.  Far.  Soc,  IT,  621  (1922). 

Eley,  Advances  in  Catalysis,  1,  I90  (19^)- 

The  benzidine  reaction  merely  shows  that  the  enzyme  is  present.  However, 
absence  of  blue  color  is  evidence  that  a  sample  is  not  blood. 


Production  of  this  film  was  made  possible  by  the 
Manufacturing  Chemists  Association  and  the  National  Science  Foundation 
Film  Production  by  Sutherland  Educational  Films,  Inc. 
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ACID-BASE  INDICATORS 

19  MINUTES  IN  COLOR 

Collaborator: 

Professor  J.  Arthur  Campbell,  Harvey  Mudd  College, 

Claremont,  California 

SUMMARY:   Proton-donor  acceptor  theory  is  used  to  interpret  the  experimental 
behavior  of  acid-base  indicators.   Experiments  and  animation  show  the  effects 
on  indicators  of  changing  acidity.   Equilibrium  constants  of  four  indicators 
are  determined  and  the  indicators  arranged  in  order  of  decreasing  acid 
strength.  The  competition  among  bases  for  protons  is  shown  by  mixing  the 
indicators  and  showing  that  each  changes  color  at  different  total  acidity. 

PURPOSE:   To  understand  why  each  indicator  changes  color  over  a  narrow 
acidity  range  by  a  quantitative  study  of  the  proton-donating  ability  of 
several  indicators.  Thus  acid-base  indicators  are  merely  acids  that  change 
color  when  they  lose  a  proton. 

PLACE  IN  CHEM  STUDY  COURSE:   For  review  at  end  of  Chapter  11,  Aqueous  Acids 
and  Bases. 

BEFORE  SHOWING:   Students  must  understand  proton  donor  acceptor  theory  of 
acids  and  bases,  calculation  of  the  equilibrium  constant  of  an  acid,  and 
be  familiar  with  the  concept  that  acids  vary  in  strength,  i.e.,  in  tendency 
to  lose  protons. 

OUTLINE; 

1.  Tea  and  cabbage  juice  are  shown  to  be  indicators. 

2.  Fundamentals  of  acid-base  theory  are  reviewed  while  preparing  solutions 
of  HCl  and  NaOH. 

3.  Colors  of  the  indicator  brorathymol  blue  are  observed  when  added  to  acid, 
base,  and  water. 

h.     Details  of  proton  transfer  during  color  change  are  animated  by  using 
molecular  models. 

5.  Color  theory  is  demonstrated  to  explain  the  intermediate  color  of  brora- 
thymol blue  in  neutral  water. 

6.  Starting  with  the  equation  for  proton  transfer,  the  equilibrium  constant 
for  bromthymol  blue  is  calculated.   HBb  =  H'*"+  Bb",  K^-^  =  lO'T. 

7.  The  colors  of  methyl  orange  are  observed  in  solutions  of  varying  acidity. 

8.  The  equilibrium  constant  for  methyl  orange  is  calculated. 
HMo  =  H'^'+Mo",  Khmo  =  10'^- 

9.  The  colors  of  methyl  ired  are  observed  and  the  equilibrium  constant  is 
calculated.  HMr  =  H"^+Mr~,  Kjq/^j,  =  10-5. 

10.  The  colors  of  phenolphthalein  are  observed  and  the  equilibrium  constant 
is  calculated.  HPth  =  H''"  +  Pth",  Kgpth  =  10'9. 

11.  The  acid  strengths  of  the  four  indicators  are  compared.   The  results  are: 

HMo  (methyl  orange) 

HMr  (methyl  red) 

HBb  (bromthyrool  blue) 

HPth  (phenolphthalein)       ^HPth^  10" ^   \1/ 


■^BMo  = 

10- '^ 

^HMr  = 

10-5 

•^HBb 

10-^ 

•^HPth" 

10-9 
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12.  A  universal  indicator  is  synthesized  by  mixing  the  above  four  indica- 
tors in  suitable  proportions. 

13.  The  properties  of  the  universal  indicator  are  demonstrated  and 
explained;  the  color  spectrum  is  shewn  to  change  over  the  H  range 
3-9 >  as  the  various  indicators  gain  and  lose  protons. 


AFTER  SHCWINCt: 

Ask  students  to  find  the  equilibrium  constant  of 

(1)  an  unknown  indicator, 

(2)  of  an  unknown  colorless  acid. 

Ask  students  to  state  the  advantages  of  a  universal  indicator  in  measuring 
acidity — disadvantages;  other  ways  of  determining  acidity  than  by  using 
indicators.  Experiment  with  cabbage  juice  (it  is  a  good  universal  indi- 
cator) or  other  dyes. 

SUPPUMETfTARY  MATERIAL:   The  universal  indicator  may  be  prepared  by  dissolv- 
ing 0.05  grams  of  methyl  oranfe^,  O.15  grams  of  methyl  red,  O.3O  grams  of 
bromthymol  blue,  and  O.35  grams  of  phenolphthalein  in  one  liter  of  66^ 
ethyl  alcohol. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Wexler  Film  Productions,  Los  Angeles,  California 
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ELECTROCHEMICAL  CELLS 

22  MINUTES  IN  COLOR 

Collaborators: 

Professor  J.  Arthur  Campbell,  Harvey  Mudd  College, 

Claremont,  California,  and 

June  Ewing,  M.S.,  CHEM  Study  Staff 


SUMMARY:   The  construction  and  operation  of  an  electrochemical  cell  are 
shown.  Time  lapse  photography  of  the  changes  at  the  electrodes  and  anima- 
tion of  the  cell  processes  show  the  nature  of  the  electrode  reactions^  the 
motion  of  the  electron  and  ion  currents,  and  the  relationship  between  con- 
centrations and  cell  voltage.  Extreme  close-ups  of  a  hydrogen  electrode 
illustrate  its  operation  and  lead  to  a  discussion  of  the  table  of  E°  values 

PURPOSE:  To  show  the  details  of  the  operation  of  electrochemical  cells  in 
terms  of  electrode  reactions,  electron  and  ion  currents,  and  the  tendency 
toward  equilibrium. 

PLACE  IN  CHEM  STUDY  COURSE:  After  laboratory  experiment  21  and  concurrent 
with  Chapter  12. 

BEFORE  SHOWING:   Students  should  have  constructed  and  studied  electrochem- 
ical cells  in  the  laboratory  (CHEM  Study  Experiment  21).  They  should  be 
asked  to  consider  the  changes  at  the  atomic  level,  accounting  for  their 
observations . 

OUTLINE: 

1.  Construction  of  an  electric  cell 

Pieces  of  copper  and  silver  are  immersed  in  solutions  of  sodium  nitrate 
and  silver  sulfate  respectively.  The  two  electrodes  immersed  in  the 
ionic  solutions  (and  separated  by  a  porous  barrier  to  minimize  direct 
mixing  of  the  solutions)  give  rise  to  an  electric  potential.  When  con- 
nected by  an  external  wire,  electrons  flow  through  the  wire. 

2.  Electrode  equilibrium 

Animation  is  used  to  show  that  placing  an  electrode  into  an  ionic  solu- 
tion allows  atoms  from  the  electrode  to  dissolve  in  the  solution  and 
ions  from  the  solution  to  adhere  to  the  electrode.  As  a  result,  an 
electric  charge  accumulates  on  the  electrode.  Depending  on  the  partic- 
ular electrode  and  ions  involved,  this  electric  charge  may  be  positive 
or  negative  and  large  or  small  once  equilibrium  is  attained. 

3;   Electric  currents  from  and  in  electrochemical  cells 

When  the  two  different  electrodes  immersed  in  different  ionic  solutions 
are  connected,  their  difference  in  accumulated  electric  charge  causes 
electrons  to  flow  through  the  external  circuit.  This  upsets  the 
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(net  loss  of  electrons  to  the  electrode)  occurs  at 
the  anode  [Cu(s)  -♦Cu"^  (aq)  +  2e"]  .  Electrons  con1 


previous  electrode  equilibrium,  and  net  reactions  occur  at  each 
electrode.  Time  lapse  photography  clearly  shows  these  changes  within 
the  cell.  Reduction  (net  gain  of  electrons  from  the  electrode)  occurs 
at  one  electrode — the  cathode  [  Ag  (aq)  +  e"-*-  Ag(s)J,  and  oxidation 

the  other  electrode-- 
continue  to  flow  in 
the  external  circuit  from  the  anode  to  the  cathode.  At  the  same  time, 
the  cupric  ions  forming  at  the  cathode  diffuse  away  from  it,  and  the 
silver  ions  diffuse  toward  the  cathode  where  they  are  being  reduced. 
Simultaneously,  the  negative  ions  diffuse  in  the  reverse  direction 
(toward  the  anode)  further  to  counterbalance  the  flow  of  negative 
electrons  from  the  anode  to  the  cathode  in  the  external  circuit. 

^.  Variation  of  cell  voltage  with  concentrations  of  reactants 

As  the  copper-silver  cell  continues  to  operate,  its  voltage  decreases, 
eventually  becoming  zero.  No  further  net  reactions  are  then  observed. 
During  cell  operation  the  concentration  of  silver  ions  has  become  so 
low  (most  have  been  reduced  to  metallic  silver)  and  the  concentra- 
tion of  copper  ions  has  become  so  large  (they  have  been  formed  by 
oxidation  of  the  metallic  copper  electrode)  that  the  tendencies  of 
the  "forward"  and  "reverse"  reactions  to  occur  become  identical. 
There  is  no  longer  any  difference  in  electric  charge  between  the  two 
electrodes,  and  the  cell  potential  drops  to  zero.  There  is  no  longer 
any  net  flow  of  electron  or  ionic  currents.  Equilibrium  has  been 
reached. 

5-  The  hydrogen  electrode 

Extreme  closeup  photography  of  an  operating  hydrogen  electrode 
(immersed  in  a  solution  of  broiuthymol  blue)  gives  direct  indication 
of  the  net  reaction  occurring.   The  color  of  the  bromthymol  blue 
changes  from  blue  to  yellow,  indicating  tha  generation  of  hydrogen 
ions  in  the  electrode  reaction:   H2(g)  — ►2H  (aq)+  2e~.  The  hydro- 
gen electrode  operates  as  an  anode.  The  cathode  is  metallic  silver 
immersed  in  silver  sulfate  solution. 

6.  Reversal  of  the  cell  potential 

Addition  of  aqueous  sulfide  ion  to  the  silver  sulfate  solution  around 
the  silver  electrode  causes  the  potential  of  the  cell  to  reverse  its 
direction.  The  hydrogen  electrode  becomes  the  cathode  of  the  cell. 
Animation  is  used  to  show  how  the  reduction  of  the  silver  ion  concen- 
tration by  precipitation  of  the  silver  ions  as  silver  sulfide  reverses 
the  currents  flowing  in  the  cell.  Extreme  closeup  photography  of  the 
hydrogen  electrode  shows  the  bromthymol  blue  turning  from  yellow  to 
blue,  indicating  that  the  net  reaction  at  the  hydrogen  electrode  is 
now:   2e"  +  2H'"(aq)  ~*H2(g).   The  hydrogen  electrode  is  now  the  cathode, 

7-  E^  potentials 

As  seen  in  both  the  copper-silver  and  the  hydrogen- silver  cells,  the 
voltage  is  determined  by  the  concentrations  of  the  reactants.  When 
the  concentrations  (and  the  temperature)  are  held  constant,  the  cell 
potential  is  also  constant.   This  allows  one  to  construct  tables  of 
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standard  potentials,  called  E°  values.  They  are  based  on  the  arbitrary 
assignment  of  zero  volts  as  the  potential  of  the  hydrogen  electrode  at 
standard  conditions  of  concentration  and  temperature.   Combination  of 
E°  values  allows  the  prediction  of  new  electrochemical  reactions  and  of 
their  tendency  to  occur. 

8.   Summary 

All  electrochemical  cells  consist  of  two  electrodes  immersed  in  ionic 
solutions.  Reduction  occurs  at  the  cathode,  accompanied  by  oxidation  at  the 
anode.  Electrons  flow  through  the  external  circuit  from  anode  to  cathode. 
Simultaneously,  negative  ions  diffuse  toward  the  anode,  and  positive  ions 
diffuse  toward  the  cathode . 

AFTER  SHOWING:   Ask  for  the  experimental  evidence  that:   (l)  oxidation  and 
reduction  occurred  at  the  electrodes  of  the  cells  studied;   (2)  there  was  net 
diffusion  of  negative  ions  in  one  direction  and  of  positive  ions  in  the  other; 
(3)  electrons  flowed  through  the  external  circuit;  and  {k)   the  electrodes 
came  to  a  new  equilibrium  condition. 

DO  NOT  talk  about  sign  conventions  with  respect  to  the  electrodes  (see 
Supplementary  Material  below) .  DO  emphasize  the  anode -cathode  convention  as 
a  simple  way  of  correlating  all  changes  within  the  cell.  Perhaps  show  the 
tie  to  "anions"  (net  motion  toward  the  anode)  and  "cations"  (net  motion 
toward  the  cathode). 

Point  out  that  E°  values  are  characteristic  only  of  standard  concentrations. 
All  reactions  eventually  come  to  equilibrium.  They  can  even  reverse  if  the 
concentrations  are  changed.   But  the  size  of  E°  indicates  the  "distance" 
from  equilibrium  when  the  reactants  are  mixed  at  standard  concentrations. 

SUPPLEMENTARY  MATERIAL: 

Electrical  sign  conventions  in  cells.  Students  are  almost  bound  to  ask  what 
the  meaning  of  the  plus  and  minus  signs  stamped  on  commercial  cells  and 
batteries  is.  These  are  easy  to  interpret  within  the  mechanisms  we  have 
discussed  since  the  electrons  flow  in  the  external  circuit  from  the  electrode 
marked  negative  to  the  electrode  marked  positive.  Sign  conventions  within 
the  cell  are  much  more  difficult.  Their  discussion  at  this  level  should  be 
avoided.  Use  only  the  cathode-anode  convention  in  discussing  electrode 
reactions  and  ionic  currents  within  the  cell.   For  instance,  the  electrode 
which  is  marked  negative  in  the  external  circuit  is  the  one  toward  which 
there  is  net  diffusion  of  negative  ions  in  the  internal  circuit.  Why  should 
negative  ions  diffuse  toward  a  negative  electrode?  Answer:   They  shouldn't, 
but  cell  conventions  still  require  this,  since  there  must  be  a  complete 
circuit  of  negative  current  flowing  within  the  cell.   If  you  find  this  con- 
fusing, think  of  the  poor  student  I  Fortunately,  all  these  ambiguities  can 
be  avoided  merely  be  defining  the  cathode  as  that  electrode  at  which  reduc- 
tion occurs  and  the  anode  as  that  electrode  at  which  oxidation  occurs. 
Anions,  then,  have  a  net  movement  toward  the  anode  and  cations  a  net  movement 
toward  the  cathode . 

Ionic  currents.   It  is  certainly  true,  as  shown  experimentally  in  the  film, 
that  there  is  a  net  diffusion  of  negative  ions  toward  the  anode  and  a  net 
diffusion  of  positive  ions  toward  the  cathode;  and  students  should  understand 
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this  and  the  reasons  for  it.  For  example,  there  is  a  net  loss  of  negative 
charge  from  the  solution  around  the  anode  since  electrons  leave  the  solu- 
tion, enter  the  anode,  and  flow  to  the  external  circuit.  This  loss  of 
negative  charge  makes  it  easier  for  positive  ions  to  diffuse  out  of  the 
region  around  the  anode  and  for  negative  ions  to  diffuse  in.  Similarly, 
electrons  (negative  charge)  are  entering  the  solution  around  the  cathode 
making  it  more  likely  that  positive  ions  will  diffuse  in  this  direction 
and  negative  ions  will  diffuse  away.  But  this  is  not  to  say  that  all 
negative  ions  move  uniformly  toward  the  anode  and  all  positive  ions  uni- 
formly toward  the  cathode.  Each  ion  continues  its  random  thermal  motions 
regardless  of  whether  the  cell  is  operating  or  not.  The  net  diffusional 
motion  is  usually  a  relatively  small  effect,  comparatively,  which  merely 
leads  to  a  low  net  motion  of  the  positive  and  negative  ions  in  opposite 
directions. 

Direct  evidence  for  the  comparative  slowness  of  these  diffusional  processes 
is  clear  in  the  time  lapse  photography  of  the  copper- silver  cell.   You  may 
have  noted  that  the  solution  around  the  copper  electrode  first  grows  blue 
at  the  bottom  of  the  cell,  rather  than  uniformly.  This  is  because  the 
production  of  copper  ions  at  the  anode  increases  the  density  of  the  solu- 
tion. Thus  the  solution  next  to  the  electrode  slowly  flows  to  the  bottom. 
This  flow,  due  to  density  difference,  is  much  greater  than  the  flow  due 
to  diffusion  of  the  copper  ions  as  shown  by  the  color  distribution.  Simi- 
larly, at  the  silver  electrode  the  metallic  needles  tend  to  grow  rapidly 
at  their  tips  farthest  from  the  electrode  and  especially  at  the  bottom  of 
the  cell.  This  is  because  electrons  can  flow  through  the  needles  much 
more  rapidly  than  the  ions  can  diffuse  through  the  solution.  Thus  the 
solution  near  the  silver  electrode  quickly  becomes  depleted  in  silver  ion. 
The  needles  grow  out  into  the  undepleted  solution.  At  the  same  time  the 
density  of  the  solution  near  the  electrode  decreases,  the  solution  tends 
to  rise  and  thus  bring  fresh,  less  depleted,  solution  near  the  bottom  of 
the  electrode  where  silver  deposition  occurs  at  the  highest  rate.  This  is 
especially  true  near  the  bottom  of  the  silver  electrode  on  the  side  toward 
the  copper.  Here  the  flow  due  to  density  differences  and  flow  due  to 
net  diffusion  of  positive  and  negative  ions  combine  to  give  the  highest 
likelihood  of  silver  ions  being  present  to  be  reduced  to  silver  metal. 
Note  the  great  accumulation  of  metallic  silver  in  this  region. 

Hydrogen  electrode:   You  may  note  that  no  attempt  is  made  to  animate  the 
reactions  at  the  hydrogen  electrode.  This  is  partially  because,  in  spite 
of  intensive  research  over  many  years,  there  is  no  agreement  among  chemists 
as  to  how  to  interpret  in  detail  the  experimental  observations  in  terms  of 
a  single  set  of  mechanistic  steps.   It  is  well  established  that  the  rough 
platinum  surface  (called  platinum  black)  provides  a  very  large  area  on 
which  it  is  possible  to  achieve  electrochemical  equilibrium  between  hydro- 
gen gas  and  aqueous  hydrogen  ions.   The  resulting  potential  is  stable  and 
very  reproducible,  and  thus  makes  a  good  standard  value  with  which  to  com- 
pare other  electrodes.   The  hydrogen  electrode  is  a  good  example  of  a 
standard  which  is  very  useful  even  though  its  detailed  mechanism  of  opera- 
tion is  not  understood. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  Production  by  Wexler  Film  Productions,  Los  Angeles,  California 
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NITRIC  ACID 

18  MINUTES  IN  COLOR 

Collaborator: 

Professor  Harry  H.  Sisler,  University  of  Florida 

Gainesville,  Florida 


SUMMARY:  Nitric  acid  acts  as  an  acid  in  the  manufacture  of  chemical  ferti- 
lizers; it  acts  as  a  base  in  the  manufacture  of  nitro  compounds;  it  acts 
as  an  oxidizing  agent  in  many  systems.   In  making  the  fertilizer  ammonium 
nitrate  from  nitric  acid,  it  is  necessary  to  neutralize  the  acidity  of 
HNO:,.   This  is  accomplished  "by  addition  of  NH^.  In  nitration  reactions, 
sucn  as  the  making  of  nitrobenzene,  nitric  acid  is  made  to  act  as  a 
base  in  the  presence  of  sulfuric  acid  and  forms  nitronium  ion  which  is 
the  reactive  intermediate  in  the  nitration  reaction.  As  an  oxidizing 
agent,  nitric  acid  can  be  reduced  to  a  number  of  different  products. 
The  temperature  of  the  system  helps  to  determine  which  reaction  predom- 
inates. The  manufacture  of  nitric  acid  is  a  process  which  starts  with 
the  oxidation  of  ammonia,  and  includes  several  steps.  Le  Chatelier's 
principle  is  applied  in  achieving  a  maximum  yield  of  the  acid. 

PURPOSE:   To  review  some  basic  chemical  principles  as  they  are  applied  in 
nitric  acid  chemistry:   acid-base  theory,  oxidation- reduction  including 
the  use  of  EO  values,  reaction  rate  theory,  and  the  theory  of  chemical 
equilibrium.  -  To  introduce  students  to  the  chemistry  of  nitric  acid.  - 
To  suggest  how  the  structure  of  the  nitric  acid  molecule  is  related  to 
its  behavior  and  uses.  -  To  show  that  complex  chemical  systems  can  be 
interpreted  through  knowledge  of  fundamental  principles. 

PLACE  DJ  CHEM  STUDY  COURSE:   End  of  Chapter  12,  Oxidation-Reduction 
Reactions. 

BEFORE  SHOWING: 

1.  Be  sure  students  know  formula  of  nitric  acid. 

WARNING:   Nitric  acid  is  a  dangerous  compound  and  students  should  use 
it  with  care.  Under  no  circumstances  should  high  school  students 
attempt  nitration  reactions  without  proper  supervision. 

2.   Be  sure  students  are  familiar  with  each  of  the  following  concepts; 

Acid-base  theory  including  the  Bronsted-Lowry  Concept 

Catalysis 

Oxidation-reduction,  including  the  use  of  E  values 

Activation  energy  and  its  effect  on  rate  of  reaction 

Le  Chatelier's  principle  applied  to  pressure  and  temperature  effects 

on  equilibrium  among  gases 

The  film  uses  these  concepts,  it  does  not  introduce  them. 
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OUTLDIE: 

1.  Acid  properties  of  nitric  acid; 

(a)  Strong  acid,  donates  a  proton  to  a  water  molecule 
HND-  +  HgO  «  H^O''"  +  ND^" 

(b)  Reaction  with  annnonla 
HNO^  +  NH3  =  NH]^  +N03~ 

2.  Basic  properties  of  nitric  acid  In  forming  nitrobenzene; 

(a)  Behaves  as  a  base  toward  (accepts  proton  from)  very  strong  acids 
HND3  +H2S0i^  =  H2N0^  +  HSO]^" 

(b)  Forms  N02^  ion  after  reaction  with  concentrated  sulfuric  acid 
H2ND2  =  N02'^+  HgO 

(c)  Preparation  of  nitrobenzene  (note  catalytic  action  of  HgSOj^) 
W)^  +  C^H^  +  HSO|^-  =  C5H5NO2  +  HgSOi^ 

3.  Oxidizing  properties  of  nitric  acid; 

(a)  Reaction  with  copper 

Cu(s)  +  UHNO3  z  CvL'^\aq)  +  2ND^"(aq)  +  2N02(g)  +  2R^0 

(b)  Reaction  with  zinc 

Zn(s)  +  l^HNO^  =  Zn++taq)  +2N03-(aq)  +  2N02(g)  +  SHgO 

(c)  Reaction  with  hydrozine  in  a  rocket  engine 
5N2Hi^  +UHND3  =  7N2(g)  +  12H20(g) 

(d)  Explanation  of  products 

(1)  Effect  of  electromotive  force  (E°) 

(2)  Effect  of  activation  energy  (or  energy  barrier) 

(3)  Effect  of  temperature 

k.     Production  of  nitric  acid; 

(a)  Oxidation  of  ammonia  to  nitric  oxide  (everything  gaseous) 
J+NH3  +  5O2  =  ^NO  +  6H2O 

(b)  Oxidation  of  nitric  oxide  to  nitrogen  dioxide  (everything  gaseous) 

2N0  +0^  =  2NO2 
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(c)  Oxidation  of  nitrogen  dioxide  to  nitric  acid 
i^N02(g)  +  O^Cg)  +  2H2O  (^)  =  ^HN03(i) 

(d)  Application  of  Le  Chatelier's  principle 
AFTER  SHOWING; 

1.  Place  a  diagram  of  a  nitric  acid  molecule  on  the  chalkboard 

(a)  Have  students  show  which  part  of  the  molecule 

(1)  donates  a  proton 

(2)  accepts  a  proton 

^3)  becomes  a  nitroniuro  (NOg)  ion. 
(k)     becomes  a  nitrate  ion 

(b)  Show  by  an  equation  how  nitric  acid  reacts  as  an  acid  with 
water  acting  as  a  baae. 

bVlTLSMI-im'ARY  MATERIAL 

Acid-base  Theory 

This  film  uses  the  Bronsted-Lowry  definition  of  acids  and  bases;  an  acid 
is  defined  as  a  proton-donor  species  and  a  base  is  defined  as  a  proton- 
acceptor  species.  When  an  acid  donates  a  proton  to  a  base,  a  new  acid 
and  a  new  base  are  formed: 

HA  +  B  r  HB  +  A 

Acid,  +  Basep  z   Acid2  +  Base-j^ 

Examples: 

HNO3  +  H^O  =  H30'^  +  NO3" 

ENO..   +  NH3  =  NH;^  +  N03~ 

The  stronger  the  acid  the  weaker  is  the  base  formed  by  the  loss  of  a 
proton  by  the  acid.  Charts  of  acid-base  strength  can  be  found  in  many 
chemistry  textbooks. 

Strong   acids  form  negative  ions  in  water  by  losing  protons  to  form 
hydrated  hydrogen  ions.  These  hydrated  hydrogen  ions  are  called  hydron- 
ium  ions  or  aqueous  hydrogen  ions.   They  certainly  contain  protons  bonded 
to  one  or  more  water  molecules.   They  are  often  symbolized  as  H+'Caq)  or 
H3O+  . 

Nitric  acid,  though  having  a  strong  proton-donor  tendency  (it  is  strongly 
acidic)  can,  in  the  presence  of  a  very  acidic  system  such  as  concentrated 
sulfuric  acid,  act  as  a  proton-acceptor,  i.e.,  act  as  a  base.  Proton 
acceptance  is  followed  by  loss  of  a  molecule  of  water  to  form  NO2"'"  ion, 
which  then  displaces  a  proton  from  the  benzene  molecule  giving  C^H^NOg. 

Overall  equation:   HNO3  +  C^H^  =  C^HrNOp  +  H2O 
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Follovfing  this  reaction,  the  HgO  molecule  reacts  with  another  molecule  of 
sulfuric  acid  and  forms  hydronium  ion  and  hydrogen  sulfate  ion 

HgO  +  HgSO]^  s  H20"'"+  H30^' 

E^  Values: 

The  E  values  corresponding  to  the  various  half- react  ions  represent  the 
relative  driving  forces  assigned  to  the  various  half- reactions  as  compared 
to  the  half- react  ion." 

H  (1  atm.)  ■  2ff*taq)  +  2e" 

which  is  arbitrarily  assigned  an  E°  value  of  0.00  volts. 

All  E  values  correspond  to  conditions  at  which  all  ions  and  molecules 
involved  are  at  "unit  activity"  (i.e.,  the  concentrations  of  all  dissolved 
species  are  about  1  molar  in  water,  and  the  partial  pressures  of  gases 
are  about  1  atmosphere).  -o  /  ,.  \ 

N02(g)  +  H2O  =  NO^'Caq)  +  2H"^(aq)  +  e"  -O.8O 

NH2^'^(aq)  +  3H2O  =  NO^"(aq)  +  10H"*"(aq)  +  8e'  -0.88 

HN02(aq)  +  H2O  =  NO^'Caq)  +  3H"^(aq)  +  2e"  -0.9^ 

NO(g)  +  2H2O  =  NO^'Caq)  +  4H"^(aq)  +  3e"  -O.96 

N20(g)  +  5H2O  =  2N02''(aq)  +  10H"^(aq)  +  8e"  -1.12 

N2(g)  +  6H2O  =  2N02"(aq)  +  12H'^(aq)  +  lOe"  -1.25 

Half- reactions  are  customarily  written  in  the  direction  of  the  reduced  state 
going  to  the  oxidized  state  as  in  this  chart  of  the  various  nitric  acid 
half- reactions.  Following  this  convention,  the  potentials  are  listed  as 
negative  if  the  tendency  to  occur  is  less  than  that  for  the  hydrogen  half- 
reaction  listed  above.  However,  when  nitric  acid  acts  as  an  oxidizing 
agent  it  is  the  reverse  of  these  half- react  ions  which  we  are  considering. 
A  half-reaction  has  an  E°  value  equal  but  opposite  in  sign  to  its  reverse 
half- reaction.  Nitric  acid  going  to  nitrogen  has  the  greatest  energy 
potential  of  the  six  half- react ions  shown  above  either  at  unit  activity  or 
as  concentrated  HNO^j. 

^  RT^  [c]c  [p]^ 

In  general,  the  relationship  E  =  E°  -  nF  °  [a]®  [  B]^  ^^  used  to  calculate 

the  variation  of  potential  with  concentration  for  any  reaction,  aA  +  bB  r 
cC  +  dD.  In  the  examples  above,  the  E°  term  dominates  and  thus  the  order 
of  oxidation  potentials  remains  approximately  the  same  for  the  higher  con- 
centrations of  HNOo  as  for  those  at  unit  activity.  However,  each  nitric 
acid  potential  does  increase  with  increased  concentration  of  nitric  acid, 
provided  other  factors  remain  constant. 
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Though  E°  values  tell  us  that  various  products  are  possible  when  nitric 
acid  is  reduced,  it  is  the  rates  of  the  various  reactions  which  in  turn 
depend  on  the  magnitude  of  the  energy  barriers  involved,  which  deter- 
mine the  products  actually  obtained. 

Manufacture  of  Nitric  Acid 

The  oxidation  of  ammonia  occurs  rapidly  in  the  presence  of  platinum 
acting  as  a  catalyst.  ^NHo  +  5O2  s  UNO  +  6H2O  +heat.  The  temperature 
generated  by  the  heat  of  the  reaction  is  high  enough  to  keep  the  HgO 
Gaseous  and  the  catalyst  red  hot.   Nitric  oxide  (NO)  reacts  spontaneously 
with  oxygen  (O2)  from  the  air  and  forms  nitrogen  dioxide,  2MD  +02  = 
2ND2  +  heat.  Since  the  oxidation  of  nitric  oxide  is  exothermic,  and 
since  3  moles  of  gas  (in  all)  form  2  moles  of  gaseous  products,  the 
reaction  that  forms  nitrogen  dioxide  is  favored  by  a  low  temperature 
and  a  high  pressure.  Also  in  the  reaction  UN02(g)  +  02(g)  +2H20(X)  = 
4HN0^  (-^1+  heat,  the  formation  of  the  product  (HNO3)  is  favored  by 
a  low  temperature  and  by  an  increase  in  pressure  (5  volumes  gas  + 
liquid  "^  liquid) .  The  principle  of  Le  Chatelier  is  applied  to  Inr.nrf^ 
maximum  yield  in  both  of  these  reactions. 

Counter- current  Principle 

The  absorption  tower  has  a  spray  of  water  descending.  Near  the  top,  the 
water  absorbs  any  remaining  nitrogen  dioxide.  Near  the  bottom,  the 
water  solution  of  nitric  acid  is  least  able  to  absorb  more  nitrogen  dioxide 
and  oxygen,  but  the  excess  nitrogen  dioxide  saturates  the  solution  pro- 
ducing concentrated  nitric  acid. 

By  increasing  the  pressure  of  oxygen  and  nitrogen  dioxide  in  the  absorp- 
tion tower,  the  concentration  of  the  nitric  acid  is  increased.  Commer- 
cial concentrated  nitric  acid  is  about  69  percent  HNOo.  The  remainder 
is  water. 

The  gases  to  be  absorbed  enter  at  the  bottom  of  the  column.  There  the 
absorbing  solution  is  most  saturated  with  gases  and  hence  least  able  to 
dissolve  the  gases.  As  they  rise  through  the  column,  they  meet  absorbing 
solution  more  and  more  able  to  absorb  them.  Near  the  top  of  the  column 
practically  all  of  the  nitrogen  dioxide  gas  is  absorbed  by  the  water 
which  enters  there. 


Production  of  this  film  was  made  possible  by  the 

Manufacturing  Chemists  Association  and  the  National  Science  Foundation 

Film  production  by  Sutherland  Educational  Films,  Inc. 
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CRYSTALS  AND  THEIR  STRUCTURES 

22  MINUTES,  BLACK  AND  WHITE 

Collaborator: 

Professor  J.  Arthur  Campbell,  Harvey  Mudd  College, 

Claremont,  California 


SUMMARY:   Typical  properties  of  crystals  are  shown  with  single 
crystals  of  sodium  chloride  and  quartz.   Cleavage,  melting 
points,  and  models  of  crystals  are  compared  to  those  of  glasses 
The  use  of  X-rays  to  determine  crystal  structure  Is  Illus- 
trated with  the  diffraction  of  X-rays  by  a  crystal  of  sodium 
chloride  as  seen  on  a  fluorescent  screen.   Diffraction  of 
water  waves  In  a  ripple  tank  shows  how  the  Bragg  equation, 

d  =  rr   ,  allows  the  determination  of  Interatomic  distances 

2  sin  9  ' 

In  crystals. 

PURPOSE:   To  clarify  the  nature  of  crystals  in  terms  of  their 
structure,  and  to  show  how  these  structures  are  determined 
with  X-ray  diffraction. 

PLACE  IN  CHEM  STUDY  COURSE:   Near  the  end  of  Chapter  l4. 
Why  We  Believe  in  Atoms. 

BEFORE  SHOWING:   Students  should  be  familiar  with  the  concept 
of  interatomic  distances,  the  fact  that  atoms  occupy  space, 
and  the  use  and  limitations  of  some  of  the  common  types  of 
structural  models,  such  as  the  close  packed  model  of  the 
sodium  chloride  crystal.   The  student  should  realize  that 
there  is  such  a  function  as  the  sine  of  an  angle. 

OUTLINE: 

1.  Observable  properties  of  crystals 

Crystals  are  bounded  by  planar  surfaces,  sharp  edges, 
and  corners.   All  crystals  of  a  given  material  have  the 
same  surfaces,  edges,  and  corners.   Crystals  can  be 
cleaved  to  produce  smaller  crystals  with  these  same 
features.   Crystals  melt  at  a  sharply  defined  temperature. 
Glasses,  on  the  other  hand,  do  not  cleave,  nor  do  they 
have  a  sharp  melting  point. 

2.  Structural  models  of  crystal  and  glasses 

The  sharp  melting  points  and  regular  cleavage  of  crystals 
is  interpreted  in  terms  of  the  regular  packing  shown  in 
crystal  models.   By  contrast,  the  irregular  packing 
shown  in  a  model  of  a  glass  accounts  for  the  observed 
broad  melting  range  and  lack  of  cleavage. 
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3.  Atomic  size 

A  mole  of  copper  occupies  a  cube  approximately  two  centi- 
meters on  the  side.   Since  thls^cube  contains  about  10 
atoms,  there  must  be  roughly  10  atoms  along  each  edge 
of  the  cube,  and  the  distance  from  one  atomic  center  to 
the  other  must  be  roughly  2  x  10"  "  centimeters. 

4.  Diffraction  of  waves 

Visible  light  can  be  considered  as  a  wave  pattern.   We 
cannot  see  copper  atoms  with  visible  light,  since  the 
wave  lengths  are  so  much  larger  f5,000  angstroms)  compared 
to  the  size  of  the  copper  atoms  (2  angstroms).   However, 
X-rays  with  shorter  wave  lengths  (about  1  angstrom)  are 
diffracted  by  copper  atoms.   We  Illustrate  diffraction 
of  waves  by  trying  a  thin  nail  and  a  thick  bolt  In  a 
pattern  of  water  waves.   The  thin  nail  leads  to  almost 
no  effect.   The  thick  bolt  leads  to  diffraction  patterns. 
Just  as  with  copper  and  X-rays. 

5.  Performance  of  diffraction  experiments  In  the  ripple  tank 

Diffraction  of  water  waves  by  a  pattern  of  metal  pegs 
Immersed  In  the  water  occurs  when  the  peg  spacing  roughly 
matches  the  wave  length  of  the  water  waves,  and  when  the 
angle  of  Incidence  of  water  waves  on  the  lines  of  pegs 
has  certain  values.   The  relationship  found  between  these 

variables  Is  d  =  ^  j n     where  d  Is  the  distance  be- 

d.   sin  y 

tween  the  pegs,  X  Is  the  wave  length,  and  0   Is  the  angle 

of  Incidence  of  the  X-rays  with  the  rows  of  pegs.   In 

our  experiments  n  Is  unity. 

6.  Use  of  diffraction  In  determining  structures 

Diffraction  patterns  are  obtained  from  an  array  of  pegs 
concealed  from  the  viewer.   Only  the  diffraction  patterns 
are  visible,  not  the  pegs.   Measurements  of  the  angle, 
and  knowledge  of  the  wave  length  allows  calculation  of 
the  Inter-peg  distances  d.   From  these  distances  the 
actual  array  of  pegs  Is  deduced  and  compared  with  the 
physical  array.   A  good  check  Is  obtained  Indicating  that 
the  diffraction  equation  Indeed  describes  the  phenomena 
observed. 

7.  Diffraction  patterns  from  actual  crystals 

X-ray  photographs  of  actual  diffraction  patterns  allow 
the  calculation  of  Interatomic  distances  In  actual  crystals 
and  the  determination  of  Interatomic  distances  and  pack- 
ing arrangements  In  such  crystals.   Sodium  chloride, 
copper,  and  Ice  are  mentioned  as  examples. 
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AFTER  SHOWING:   (l)  Show  some  natural  crystals  and  some  struc- 
tural  models  to  indicate  how  the  symmetry  of  the  crystals  is 
reflected  in  the  packing  witnin  the  models.   (2)  With  good 
students  it  may  be  informative  to  use  data  such  as  these: 
X-rays  of  wave  length  1.5^0  angstroms  give  a  reflection  at 
10.46°  from  a  certain  crystal.   Calculate  the  interatomic 
distance  between  the  planes  in  the  crystal  giving  this  dif- 
fraction.  Answer:   4.24  angstroms.   (3)  X-rays  of  wave 
length  1.540  angstroms  when  diffracted  by  crystalline  copper 
give  reflections  at  angles  of  21.65°,  25.21°,  37.06°,  44.96°, 
and  47.58°  among  other  angles.   Calculate  the  interatomic 
distances  corresponding  to  each  of  these  diffractions.   Answer: 
2.08  A,  1.79  A,  1.25  A,  1.06  A,  and  1.04  A.   (4)  The  very  best 
students  may  be  able  to  show  that  the  crystal  must  be  face 
centered  cubic  with  a  cubic  edge  of  the  unit  cell  of  3.6l6  A. 
(5)  Obtain  some  rock  salt  or  calcite  and  allow  the  students 
to  cleave  the  crystals.   (6)  Note  from  the  patterns  in  the 
textbook  in  Chapter  14  that  copper  and  aluminum  must  have  the 
same  crystal  structure,  and  predict  from  the  different  spac- 
ings  that  the  copper  aroms  must  be  closer  together  than  the 
aluminum  atoms.   Note  that  the  metallic  sodium  must  have  a 
different  atomic  packing  in  its  crystal,  since  its  pattern  is 
different. 

SUPPLEMENTARY  MATERIAL: 

The  determination  of  crystal  structure  has  now  achieved  a 
state,  thanks  to  the  advent  of  large  computers  and  very  pre- 
cise X-ray  diffraction  techniques,  where  extremely  complicated 
crystal  structures  can  be  analyzed  completely.   Structures 
of  many  thousands  of  simple  crystalline  materials  are  now 
known,  and  thousands  more  are  being  deciphered  each  year. 
From  such  studies  we  get  very  accurate  information  concerning 
bond  lengths  and  bond  angles  and,  thus,  the  forces  acting 
between  atoms. 

Very  often  it  is  discovered  that  species  present  in  crystals 
are  not  the  same  as  those  in  the  liquid  or  gaseous  phase  of 
the  same  substance.   For  example,  phosphorous  pentachloride 
exists  in  the  gas  and  liquid  phases  primarily  as  PClc-  molecules 
In  the  crystal  it  exists  as  PC1|,+  and  PClg"  ions.   NpOc- 

exists  in  the  crystal  primarily  as  NOp  and  NO^"  ions.   While 

crystals  are  always  highly  regualr  and  exhibit  a  repeating 
packing  pattern,  fairly  large  molecular  motions  are  possible 
within  crystals.   Small  symmetrical  molecules,  like  methane, 
or  ammonium  ion,  or  cyanide  ion  are  thought  to  be  able  to  ro- 
tate rather  freely  around  their  center  of  mass  in  the  crystal. 
Many  substances  change  crystal  structure  as  the  temperature 
or  pressure  is  varied.   Low  temperatures  and  high  pressures 
tend  to  encourage  the  formation  of  more  tightly  packed  crystals 
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It  Is  mainly  from  the  interatomic  distances,  determined  by 
X-ray  diffraction,  that  covalent  radii,  ionic  radii,  and 
van  der  Waals  radii  of  atoms  are  obtained.   While  these  radii 
are  surprisingly  constant  from  molecule  to  molecule  for  the 
same  atom,  minor  variations  can  be  noticed.   These  variations 
provide  valuable  information  as  to  the  detailed  nature  of  the 
bonds . 

DATA  FROM  THE  FILM: 

The  wave  length  of  the  water  waves  used  was  2.8  centimeters. 
Diffraction  was  observed  from  the  hidden  array  at  angles  of 
34°  and  42°.   The  crystal  is  rotated  by  21°  between  the  first 
and  second  diffraction  pattern.   Using  these  data  it  is  possible 
to  reconstruct  the  calculations  in  the  film,  and  to  show  that 
the  hidden  array  had  a  structure  involving  the  two  distances, 
d,  =  2.5  cm  and  dp  =  2.1  cm.   The  actual  array  is  shown  in  the 

accompanying  figure  which  is  drawn  to  scale  and  is  shown  l/2 
actual  size.   The  inter-peg  distances  are  a  =  2,6  cm,  and 
b  =  3.9  cm,  while  the  angle  between  a  and  b  is  103°.   All 
figures  have  an  uncertainty  of  i"  0.1  cm  or  -  1°. 


Produced  under  a  grant  from  the  National  Science  Foundation. 
Film  production  by  Educational  Services,  Inc.,  Watertown,  Mass 
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MOLECULAR  SPECTROSCOPY 

23  MINUTES  IN  COLOR 
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SUMMARY:   The  film  uses  laboratory  experiments,  molecular  models,  and 
animation  to  shov  details  of  the  infrared  light  absorption  process  and 
its  relation  to  molecular  properties.  The  film  stresses  the  concept  of 
natural  vibrational  frequencies  in  molecules.  Further,  it  demonstrates 
the  use  of  the  infrared  spectrum  in  identifying  molecules  and  determining 
their  molecular  structure. 

PURPOSE;   To  show,  through  the  use  of  an  infrared  spectrometer,  that  the 
absorption  of  energy  by  molecules  takes  place  when  light  of  the  same 
frequency  as  the  natural  molecular  vibration  frequency  is  used.  To  ex- 
plain the  principles  involved  with  models  and  animation.  To  illustrate 
how  these  characteristic  light  absorption  frequencies  can  be  used  to 
identify  molecules,  as  well  as  to  obtain  information  concerning  bond 
distances. 

PLACE  IN  CHEM  STUDY  COURSE:   After  Chapter  1^,  Why  We  Believe  in  Atoms. 

BEFORE  SHOWING:   Students  should  know  about  photons,  frequency,  and 
energy  of  light,  use  of  molecular  models,  existence  of  chemical  bonds, 
and  interatomic  distances.  Explain  pen  recorder  which  will  be  used  to 
record  intensity  of  light  of  a  given  frequency  coming  through  sample: 
100^  position  means  transparent  sample,  0^  position,  as  when  Dr.  Crawford 
blocks  light  path  with  his  hand,  corresponds  to  complete  energy  absorp- 
tion at  that  frequency. 

OUTLINE; 

1.  The  nature  of  light: 

A  rainbow  is  nature's  spectrum.  A  laboratory  experiment  provides  a 
parallel,  showing  that  a  prism  separates  white  light  into  a  spectrum. 
Animation  depicts  the  particle  and  wave  nature  of  light.  The  terms 
frequency  and  wave  length  are  explained  and  the  frequencies  of  blue 
and  red  light  are  compared.   The  use  of  the  equation  E  "hv  is  dis- 
cussed. The  spectrum  of  a  lamp  is  analyzed  with  an  exposure  meter 
to  detect  the  presence  of  infrared  light.  The  experiment  demonstra- 
ting the  presence  of  infrared  is  a  simple  one  which  some  students 
may  wish  to  set  up  for  themselves;  they  may  well  be  encouraged  to 
do  so,  but  it  should  be  pointed  out  that  the  exposure  meter  must  be 
.  one  of  the  high  sensitivity  types  using  a  cadmium- sulfide  photocell. 

2.  Absorption  spectra: 

The  absorption  of  a  solution  of  CuSOi^  in  the  visible  spectrum  is  demon- 
strated. An  infrared  spectrometer  is  used  to  record  the  spectrum  of 

HCl  gas,  and  absorption  at  a  frequency  of  8.67  x  10^3  cycles/sec  is 

found. 
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3*  Natural  frequency  of  vibration  and  absorption  of  energy: 

It  is  shown  that  the  energy  of  water  waves  is  absorbed  by  a  sphere  sus- 
pended by  a  spring  if  the  wave  frequency  equals  the  natural  vibration 
frequency  of  the  spring  and  sphere.  Animation  is  used  to  explain  how 
the  oscillating  electric  field  of  a  light  wave  can  interact  with  elec- 
tric charges  in  a  molecule.  A  model  using  two  oppositely  charged 
spheres  connected  by  a  spring  vibrates  when  an  alternating  electric 
field  of  the  natural  vibration  frequency  is  imposed,  thus  explaining 
light  absorption  by  HCl  molecules  at  their  natural  frequency.  Anima- 
tion is  used  to  aid  the  understanding  of  the  model.  A  ball-and- spring 
model  of  COg  is  activated  mechanically.  The  lowest  natural  frequency 
of  vibration  Illustrates  the  bending  mode  at  2.00  x  10^3  cycles/sec 
in  actual  molecules.   The  middle  frequency  illustrates  the  symmetric 
stretching  mode  at  U.l6  x  10^3  cycles/sec.   The  highest  resonant  fre- 
quency of  the  model  shows  the  action  of  the  asymmetric  stretch  of  COp 
at  7.05  X  10^3  cycles/sec. 

^-   Experimental  absorption  of  infrared  radiation: 

Molecular  models  of  CClli  and  CHCI3  are  compared  as  well  as  the  resulting 
infrared  spectra  of  the  liquids.   The  spectrum  of  CCI4  purposely  contam- 
inated with  ChCl3  illustrates  the  identification  of  molecular  species 
through  characteristic  frequencies. 

5.  Rotational  energy  levels: 

The  very  low  frequency  absorption  by  gaseous  HCl  in  the  far  Infrared  is 
described.   The  quantized  rotational  absorption  is  explained  by  animated 
stairstep  energy  levels.  The  experimental  value  of  lowest  frequency 
absorption  by  HCl  is  60  x  10^0  cycles/sec,  and  from  this  frequency  the 
bond  length  of  1.275  x  10-^  cm.  may  be  calculated.  Detailed  analysis 
of  spectra  of  more  complex  molecules  may  yield  bond  lengths  as  well  as 
bond  strenghts.  Since  spectra  give  detailed  information  about  the  geome- 
try of  molecules  as  well  as  forces  which  hold  atoms  together,  molecular 
spectroscopy  provides  a  key  to  molecular  structure. 

AFTER  SHOWING:  Why  doesn't  the  light  wave  cause  the  molecule  to  vibrate  a 
little  more  vigorously  with  each  cycle  and  finally  fly  apart?  The  quantum 
behavior  of  light  and  of  energj'  states  of  molecules  must  be  considered 
here  rather  than  considering  a  continuous  wave;  if  enough  quanta  are  ab- 
sorbed by  a  molecule  without  losing  energy  by  some  other  process,  the  mole- 
cules will  dissociate. 

Why  is  absorption  in  the  infrared?  Frequency  of  Infrared  light  matches 
vibration  or  rotation  frequency  of  molecule. 

Why  doe;:  each  molecule  absorb  differently?  Bond  strengths  and  atomic 
masses  vary  so  that  the  natural  frequencies  vary. 

SUPPLEMENTARY  MTERIAL:   The  "scanning"  referred  to  in  the  film  means  the 
process  of  steadily  changing  the  frequency  of  the  incident  light  while  con- 
tinuously recording  the  intensity  of  the  transmitted  light  which  passes 
through  the  sample  and  reaches  the  detector. 


2. 
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The  number  of  vibrational  modes  which  a  given  molecule  may  have  is  3N-6 
(3N-5  for  a  linear  molecule)  where  N  is  the  number  of  atoms  in  the  mole- 
cule. However,  the  number  of  absorption  lines  in  the  infrared  spectrum 
may  be  fewer  if  the  dipole  moment  does  not  change  as  the  molecule  vi- 
brates, or  if  the  molecule  has  certain  properties  of  symmetry.  For 
example,  a  carbon  tetrachloride  molecule  is  so  symmetrical  that  it 
absorbs  light  very  strongly  at  only  two  frequencies.  The  3N-6  rule 
describes  the  fact  that  there  are  15-6  or  9  ways  in  which  the  CCli+ 
molecule  can  vibrate.  Only  6  of  these  vibrational  modes  produce  a 
change  in  dipole  moment.  Three  of  these  correspond  to  similar  distor- 
tions of  the  molecule  in  three  mutually  perpendicular  directions  in 
space,  and  since  the  force  constants  within  the  molecule  are  the  same 
for  all  three,  the  frequencies  of  vibration  are  all  equal  to  one  value. 
The  other  three  modes  of  vibration  which  absorb  light  also  have  three 
identical  frequencies  of  a  value  different  from  the  previous. 

Other  factors  may  increase  the  number  of  frequencies  at  which  a  molecule 
may  absorb  light.  For  example,  in  a  liquid  the  forces  between  molecules 
may  cause  distortion  from  the  highly  symmetrical  shape  in  the  gas  phase. 
Also  there  may  be  sum  or  difference  frequencies  of  absorption  corres- 
ponding to  changes  from  a  given  energy  level  for  one  mode  of  vibration 
to  another  energy  level  of  a  different  mode  of  vibration.   In  addition, 
there  may  be  a  change  from  a  given  energy  level  to  energy  levels  higher 
than  the  closest  one,  that  is,  overtone  frequencies. 

A  complete  vibrational  analysis  is  a  very  involved  process,  especially 
if  there  are  more  than  a  very  few  atoms  in  the  molecule.   However,  it 
is  frequently  possible  to  tell  a  great  deal  about  the  structure  of 
molecules  such  as  the  nature  and  location  of  functional  groups.   Such 
emrpirical  interpretations  are  based  on  the  fact  that  many  functional 
groups  retain  their  characteristic  vibrational  frequencies  with  only 
slight  variation  regardless  of  what  kind  of  molecule  is  involved. 

The  bond  "springiness"  may  be  determined  for  a  molecule  like  HCl  by 
assuming  that  a  Hooke's  Law  force  constant,  k,  describes  the  forces 
between  the  atoms.   Then  from  equations  which  describe  such  a  simple 
harmonic  oscillator,  the  frequency,  v,  associated  with  changes  in  vi- 
brational energy  levels  is: 

..   .1      (^)* 


2  r    '  m 

For  diatomic  molecules,  the  redur-ed  mass,  M,  equals    -'•  '^        with  m^^  and 
m2  the  atomic  masses.  mQ^-hn2 

Since  the  atomic  masses  of  H  and  CI  are  known,  the  bond  force  constant 
may  be  calculated  from  the  measured  vibrational  absorption  frequency. 
A  high  k  for  a  molecule  indicates  a  strong  chemical  bond  holds  the  atoms 
together.   This  results  in  a  high  vibrational  frequency.   (A  double  bond 
has  approximately  two  times  the  k  value  of  a  single  bond,  and  a  triple 
bond  has  about  three  times  the  k  value  of  a  single  bond.) 


3. 
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The  "stairstep"  spacing  of  the  rotational  energy  levels  for  a  linear 
molecule  Is  described  by  the  formula, 

E  s   h%(j  +1) 

where  E  ■  energy  of  the  rotating  molecule,  h  :  Planck's  Constant, 
I  ■  moment  of  Inertia,  and  J  ■  rotational  quantum  number  which  has 

values  of  0,  1,  2,  3, A  molecule  Is  restricted  to  the  rotational 

energies  given  by  this  formula.  Light  will  be  absorbed  by  the  molecule 
when  the  light  frequency  corresponds  to  the  difference  In  energy  of 
adjacent  levels,  that  Is,  when  J  Increases  by  one. 

The  interatomic  distance  in  a  molecule  like  HCl  may  be  obtained  from  the 
frequency,  v ,  of  the  transition  between  the  lowest  and  next- lowest 
rotational  energy  levels.   The  formula  Is 


kir  ^1 


where  h  is  Planck's  Constant,  and  I,  the  moment  of  inertia  of  the  mole- 
cule, is  the  sum  of  masses  of  atoms  times  the  squares  of  their  respec- 
tive distances  from  the  center  of  mass.   Solving  the  equation  for  the 
value  of  I  allows  the  interatomic  distance  to  be  calculated  from 
another  equation: 

r  rlkl]^,  where  r  is  the  interatomic  distance  and  M,  reduced  mass,  2 


m 


1°^ 


m-i +100 


Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Re id  H.  Ray  Film  Industries 
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THE  HYDROGEN  ATOM  —  AS  VIEWED  BY  QUANTUM  MECHANICS 

STANDARD  VERSION  —  13  MINUTES  IN  COLOR 
ADVANCED  VERSION  —  20  MINUTES  IN  COLOR 

Collaborator: 

Professor  George  C.  Pimentel,  University  of  California, 

Berkeley,  California 


SUMMARY:   This  film  presents  a  description  of  the  atom  that 
Is  In  accord  with  quantum  mechanics.   This  description  ex- 
plains the  energy  levels  and  line  spectrum  of  the  hydrogen 
atom  and  furnishes  the  basis  of  contemporary  theory  of  chemi- 
cal bonding.   The  electron  position  In  the  atom  Is  considered 
In  terms  of  probability,  and  the  meaning  of  a  is  orbital  Is 
clarified  with  a  digital  computer  plot,  two  analogies,  and 
animation. 

NOTE;   Two  versions  of  this  film  are  available.   A  20-mlnute 
advanced  version  Includes  the  complete  content  of  the  Stand- 
ard Version  plus  a  final  section  which  contrasts  the  elec- 
tron distributions  of  is,  2s,  and  2p  orbltals.   The  principal 
quantum  number,  n.  Is  Introduced  together  with  Its  relation 
to  energy  levels,  number  of  orbltals,  and  the  number  of  nodal 
surfaces. 

PURPOSE;   To  show  that  an  orbital  represents  an  electron  In 
motion  which  may  be  located  at  various  positions  with  respect 
to  the  nucleus,  but  whose  details  of  motion  can  only  be  de- 
scribed In  terms  of  probability. 

PLACE  IN  CHEM  STUDY  COURSE;   Middle  of  Chapter  15,  Electrons 
and  the  Periodic  Table. 

BEFORE  SHOWING;   Briefly  explain  that  the  atomic  hydrogen 
light  source  used  In  the  film  consists  of  a  narrow  quartz 
tube  containing  hydrogen  at  low  pressure.   A  high  voltage 
applied  to  the  electrodes  at  either  end  causes  high  energy 
electrons  to  bombard  the  molecules,  producing  excited  hydro- 
gen atoms.   As  these  atoms  return  to  lower  energies,  quanta 
of  light  are  given  off.   Tell  the  students  that  "quantum 
mechanics"  Is  the  mathematical  description  of  the  motion  of 
electrons  In  atoms  and  molecules.   The  description  Is  not 
Just  like  that  for  macroscopic  particles.   This  film  concerns 
the  current  view  of  an  atom  given  by  quantum  mechanics. 
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OUTLINE: 


1.  Obtaining  experimental  energies  for  hydrogen  atoms. 
A  brief  review  Is  given,  reminding  the  student  that 
the  hydrogen  atom  spectrum  provides  experimental  evi- 
dence for  the  energy  level  diagram  of  the  H  atom. 
The  spectrum  also  provides  experimental  evidence  for 
quantum  mechanics  since  quantum  mechanics  explains 
this  energy  level  diagram. 

2.  Developing  a  model  for  the  calculated  energies  of 
hydrogen  atoms . 

Beginning  with  the  electron-proton  Interactions  In  a 
hydrogen  atom,  the  potential  energy  and  kinetic  energy 
are  added  to  give  the  total  energy.  Using  the  mathe- 
matical procedures  of  quantum  mechanics,  the  calculated 
energies  are  found  to  be  In  exact  agreement  with  the 
experimental  energies.   Computers  can  be  used  to  speed 
up  the  calculations. 

3.  Developing  the  meaning  of  probability. 

Because  of  the  good  agreement  of  calculated  and  experi- 
mental energies,  other  aspects  of  the  model  of  quantum 
mechanics  which  cannot  readily  be  measured,  such  as 
Its  description  of  electron  position,  are  considered 
to  be  useful.   A  game  of  darts  helps  to  Introduce  the 
concept  of  probability  as  It  Is  needed  to  Interpret 
the  meaning  of  an  orbital  In  quantum  mechanics. 

4.  Developing  an  analogy  to  the  is  orbital. 

To  help  Illustrate  the  quantum  mechanical  meaning  of 
the  Is  orbital  of  hydrogen,  an  analogy  of  a  humming- 
bird Is  given.   A  record  of  the  various  flowers  visited 
by  the  hummingbird  Is  kept  and  their  positions  with 
respect  to  the  nest  are  plotted.   A  probability  plot  Is 
obtained  that  has  the  same  meaning  as  the  Is  orbital. 

5 .  Describing  the  properties  of  the  is  orbital. 
Computing  devices  are  used  to  prepare  a  two-dimensional 
plot  of  a  Is  orbital  as  dictated  by  quantum  mechanics. 
Animation  Is  used  to  discuss  the  three-dimensional 
properties  of  the  orbital.   The  "satellite  model"  of 
the  hydrogen  atom  Is  analyzed  and  found  to  be  Inconsis- 
tent with  both  quantum  mechanics  and  experiments. 

6.  (Advanced  Version)   Discussion  of  nodes,  energies,  and 
number  of  orbltals. 

The  nodal  properties  of  is,  2s,  and  2p  orbltals  are 
explained.   The  possible  energies  of  the  hydrogen  atom 
are  related  to  the  principal  quantum  number,  n.   An 
expression  for  the  number  of  orbltals  corresponding  to 
a  given  principal  quantum  number  Is  given. 


2. 
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AFTER  SHOWING:   Make  clear  to  students  that  quantum  mechanics 
gives  us  the  currently  accepted  model  of  the  atom.   The 
reason  we  presently  consider  It  the  most  useful  model  of  the 
atom  Is  that  it  allows  us  to  calculate  correct  energies  of 
many-electron  atoms,  bond  energies  of  molecules,  bond  lengths, 
and  other  quantities  useful  to  chemists.   No  other  model 
(particularly  the  satellite  model)  does  so. 

Discuss  the  apparent  paradox  that  although  the  electron  pos- 
sesses kinetic  energy,  the  orbital  representation  of  the  atom 
gives  no  appearance  of  motion  and  does  not  describe  (or  need) 
a  trajectory.   The  orbital  shows  only  probability  of  finding 
the  electron  at  a  given  location;  and  we  may,  if  we  like,  con- 
sider that  the  motion  of  the  electron  explains  how  the  proba- 
bility pattern  is  generated.   The  trajectory  is,  however,  an 
anachronism  which  can  cause  as  much  difficulty  as  it  removes. 
For  example,  an  attempt  to  ascribe  to  the  electron  a  trajec- 
tory inevitably  raises  the  question  of  how  the  electron  "gets 
through"  the  nodal  surfaces.   The  answer  is  that  trajectory 
is  a  classical  concept,  and  within  quantujn  mechanics  the 
question  is  no  more  meaningful  than  asking  how  one  loop  in 
a  vibrating  string  "gets  through"  the  .node  In  a  standing 
wave  vibratory  motion. 

Discuss  the  shortcomings  of  styrofoam  sphere  models  commonly 
used  to  represent  atoms.   (Uniform  density  implies  uniform 
probability;  definite  radius  implies  the  electron  is  never 
found  farther  from  the  nucleus  than  the  surface  of  the  sphere.) 

Discuss  the  applicability  of  the  commonly  used  term  "electron 
cloud".   These  words  suggest  that  the  orbital  means  that  the 
electron  has  been  "smeared  out"  or  "atomized"  to  a  cloud.   Con- 
trast the  hummingbird  plot.   The  plot  does  not  mean  that  the 
hummingbird  has  been  squashed  and  his  remains  spread  out  over 
the  field.   Neither  does  the  orbital  mean  the  electronic 
charge  is  spread  over  space,  except  in  the  sense  of  a  time 
average .   The  orbital  portrays  the  probability  distribution 
of  electron  position.   The  words  "electron  cloud"  have  an 
Incorrect  but  automatic  connotation  and  are  probably  better 
avoided. 

SUPPLEMENTARY  MATERIAL: 

Some  persons  may  be  bothered  by  nodes  in  2s  or  2p  orbitals 
as  indicated  by  questions  such  as,  "How  does  the  electron 
get  from  one  side  of  the  node  to  the  other?"   The  answer  is 
that  the  model  provided  by  quantum  mechanics  does  not  de- 
scribe the  details  of  electron  motion,  but  only  describes 
the  probability  of  finding  the  electron  at  a  given  position. 
The  trajectory  is  a  concept  carried  over  from  classical 
mechanics,  which  is  not  able  to  explain  the  properties  of 
electrons  in  atoms.   Hence  we  should  not  be  surprised  that 
trajectory  questions  are  not  readily  answered.   They  may 
have  no  meaning. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Davidson  Films,  San  Francisco,  California 
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22  MINUTES  IN  COLOR 

Collaborator: 

Professor  Bruce  H.  Mahan,  University  of  California, 

Berkeley,  California 


SUMMARY;   The  film  presents  two  methods  of  measuring  ioniza- 
tion  energy:   photo-ionization  and  electron  bombardment.   A 
high  vacuum  system  is  used  with  a  simple  cell  to  measure 
electric  conductivity  of  gases.   The  photo-ionization  of 
sodium  by  the  use  of  a  mercury  light  source  and  a  monochrom- 
ator  is  carried  out.   The  electron  bombardment  method  is  then 
demonstrated  with  sodium  and  three  inert  gases.   Animation 
shows  what  occurs  on  the  atomic  level  during  the  ionization 
process.   Relation  of  ionization  energy  to  chemical  reactivity 
is  explained. 

PURPOSE:   To  provide  experimental  background  for  the  use  of 
ionization  energy  in  correlating  chemical  reactivity.   To 
show  experiments  which  measure  ionization  energy,  and  to  ex- 
plain with  animation  what  occurs  at  the  atomic  level  during 
both  photo-ionization  and  electron  bombardment. 

PLACE  IN  CHEM  STUDY  COURSE:   After  Chapter  15,  Electrons  and 
the  Periodic  Table. 

BEFORE  SHOWING:   Students  must  know  about  energy  of  light, 
equation  E  =  hv,  nature  of  ionization,  and  atomic  numbers. 

OUTLINE: 

1 .  Chemical  reactivities  contrasted 

Sodium  and  chlorine  react;  the  electron  transfer  is  ex- 
plained with  an  orbital  board.   An  attempt  is  made  to 
react  neon  and  chlorine.   The  result  is  explained  with 
an  orbital  board. 

2.  Ionization  energy  defined 

Sodium  is  vaporized.   Animation  of  a  sodium  atom  is  used 
to  define  the  process  of  ionization.   Light,  heat,  and 
high  energy  electrons  are  described  as  sources  of  energy 
for  the  ionization  process. 

3 .  Photo-ionization  presented  experimentally 

The  high  vacuum  apparatus  is  explained.   The  photo- 
ionization  cell  is  shown  and  its  function  explained. 
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The  sensitivity  of  the  mlcroammeter  Is  demonstrated  by 
the  conductivity  of  distilled  water.   The  light  source 
and  the  prism  monochromator  are  demonstrated.   The  need 
for  equation  E  =  hv  is  explained. 

4.  Ionization  energy  of  sodium  determined  by  photo- ionization 

The  experiment  is  started  by  heating  sodium  in  the  cell 
to  produce  sodium  gas.   It  is  found  that  12.4  x  10 
cycles/sec  is  the  frequency  which  produces  ionization. 
An  animated  explanation  of  the  photo-ionization  experi- 
ment is  given,  along  with  atomic  level  details.   The 
ionization  energy  of  sodium  is  calculated  from  the  equa- 
tion E  =  hv: 

E  =  (9.53  X  10-^'*  iiS£i_£££)  (12.4  X  lo^'*-^)  = 

mole  sec 

118  -  5  kcal/mole. 

5.  Ionization  by  electron  bombardment 

The  electron  bombardment  method  is  explained.   The  func- 
tion of  the  electron  bombardment  cell  is  described  with 
animation.   The  experiment  is  performed  for  gaseous  sodium, 
obtaining  5  volts  as  the  critical  accelerating  voltage. 
Details  of  the  experiment  at  the  atomic  level  are  given. 
The  ionization  energy  is  calculated. 

Each  electron  is  accelerated  by  5  volts,  acquiring  5 
electron-volts  of  energy.   Then  conversion  to  kcal/mole 
is  made: 

E  =  (23.1  — !^^^^ )  (5  e.v.)  =  115  -  10  kcal/mole. 

mole  e .V. 

The  electron  bombardment  method  is  used  on  helium,  argon, 
and  xenon.   The  results  are  compared  to  established  values. 
Values  for  neon  and  krypton  are  added  to  the  list. 

Values 

Electron  Bombardment  Method 

Experimental  Value        Reference  Value 

Helium  25   volts      24.6  volts  or  567  kcal/mole 

Argon  l6.5  volts      15.8  volts  or  363  kcal/mole 

Xenon  12.5  volts      12.1  volts  or  280  kcal/mole 

Krypton  l4   volts    320  kcal/mole 

Neon  21.6  volts    496  kcal/mole 
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6.   Ionization  energy  as  a  function  of  atomic  number 

The  Ionization  energies  of  the  Inert  gases  are  plotted 
against  atomic  number.   The  same  Is  done  for  the  alkali 
metals.   The  values  for  elements  up  to  about  atomic 
number  60  are  added  to  the  plot.   Periodic  variations 
In  Ionization  energy  are  discussed  and  related  to  chemical 
periodicity. 

AFTER  SHOWING;   Point  out  that  It  Is  sometimes  necessary  to 
use  electron  bombardment  because  of  the  energy  limitations 
on  a  monochromator  handling  ultraviolet  light.   Discuss  the 
relative  precision  of  each  method  (electron  bombardment  was 
frequently  off  by  up  to  10^  from  accepted  values).   Ask  why 
It  was  necessary  to  vaporize  sodium  before  determining  Its 
Ionization  energy  (i.e.,  depends  en  environment  unless  atoms 
are  Isolated).   Discuss  reasons  for  periodic  variation  of 
Ionization  energy  In  terms  of  atomic  structure  and  electron 
energy  levels.   Discuss  each  method  of  calculation  of  Ioni- 
zation energy.   Correlate  Ionization  energy  and  chemical 
reactivity. 

SUPPLEMENTARY  MATERIAL: 

27 
Planck's  Constant,  h.  Is  usually  given  as  6.62  x  10"   erg 

sec,  which  Is  on  a  "per  molecule"  basis.   In  order  to  use 

the  equation  E  =  hv  to  obtain  energy  In  kcal/mole,  ergs  are 

converted  to  kcal  by  multiplying  by  the  conversion  factor 

2.389  X  10"^^.   Conversion  to  a  "per  mole"  basis  Is  accom^o 

pllshed  by  multiplication  by  Avogadro '  s  number,  6.023x10 

The  unit  of  energy  "electron-volt"  Is  defined  as  the  energy 
acquired  by  an  electron  when  It  has  been  accelerated  by  a 
potential  difference  of  one  volt.   A  handbook  shows  that  the 
conversion  from  electron-volts  to  kcal  Is  made  by  multiplying 
by  3.82  X  10-23.   Multiplication  by  Avogadro 's  Number  results 

In  a  conversion  factor  of  23.1  — :; ^ . 

The  question  Is  sometimes  asked  as  to  whether  light  from  the 
heating  colls  or  studio  lights  caused  Ionization  of  sodium 
vapor.   The  answer  Is:   No.   The  amount  of  UV  light  from 
these  sources  Is  negligible  (recall  that  12.4  x  lO-"-^  cycles/ 
sec  was  required  to  produce  significant  Ionization  of  sodium). 
Furthermore,  glass  is  a  fairly  effective  filter  for  UV  light. 
Quartz,  which  is  quite  transparent  to  UV  light,  was  used  as 
a  window  on  the  end  of  the  cell  receiving  light  from  the  mono- 
chromator . 

The  micrometer  on  the  monochromator  actually  reads  the  wave- 
length of  light  in  millimicrons,  where  one  micron  =  10-4  cm. 
Conversion  to  frequency  is  made  using  the  relation:   (frequency)  x 
(wavelength)  =  speed  of  light. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Davidson  Films,  San  Francisco 
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SHAPES  AND  POLARITIES  OF  MOLECULES 

18  MINUTES  IN  COLOR 

Collaborator: 

Professor  David  A.  Dows,  University  of  Southern  California, 

Los  Angeles,  California 


SIMIARY:   Observations  are  made  of  electric  effects,  including  deflections 
of  streams  of  liquids  by  a  charged  rod,  and  changes  in  charging  time  of 
a  capacitor.  There  is  evidence  that  different  molecules  give  two  types 
of  results:   Some  give  very  marked  interactions  with  electric  charges, 
whil^  others  give  little  effect.  To  explain  these  different  results,  a 
conceptual  model  is  developed  based  on  two  types  of  molecules:  polar  and 
non-polar.  Consideration  of  bond  polarity  and  molecular  shape  allows 
prediction  of  molecular  polarity.  The  molecular  dipole  model  is  used 
to  explain  differences  in  solubility,  conductivity,  and  chemical  reactivity. 

PURPOSE:  To  develop  a  model,  or  concept,  based  on  electric  charge  experi- 
ments which  relate  molecular  dipoles  to  the  shapes  and  bond  polarities  of 
molecules . 

PLACE  IN  CHEM  S1UDY  COURSE;  After  Chapter  l6.  Molecules  in  the  Gas  Phase. 

BEFORE  SHOWING:   Students  should  understand  the  origin  of  bond  polarity 
in  terms  of  variation  in  attraction  for  electrons  by  different  atoms. 
(HCI  might  be  a  good  example  to  discuss,  since  its  polarity  was  indicated 
on  the  model  in  the  film  MOLECULAR  SPECTROSCOPY. )  Remind  students  that 
the  charges  indicated  on  dipoles  are  partial,  not  as  large  as  one  elec- 
tron or  proton. 

OUTLINE: 

1.  Exploration  of  the  effects  of  electric  charges 

A  negatively  charged  rod  attracts  a  positively  charged  sphere.  The 
rod  also  attracts  streams  of  water  and  acetone  but  has  no  apparent 
effect  on  streams  of  carbon  disulfide  and  benzene.  The   possibility 
is  raised  that  the  attracted  streams  are  positively  charged.  However, 
a  positively  charged  rod  (which  repels  a  positively  charged  sphere) 
also  attracts  water  and  acetone,  and  has  no  attraction  for  carbon 
disulfide  and  benzene. 

2.  Postulation  of  a  molecular  dipole  model  to  explain  the  experiments 

By  considering  the  shape  and  bond  polarity  of  a  water  molecule  it  is 
concluded  that  a  molecular  dipole  exists.  Perhaps  a  charged  rod 
causes  the  dipole  to  align  with  opposite  charge  closer  to  the  rod. 
Dominance  of  attractive  forces  then  accounts  for  deflection  of  mole- 
cules.  Similar  argument  explains  the  attraction  of  charged  rods  for 
acetone,  and  the  lack  of  molecular  dipoles  in  carbon  disulfide  and 
benzene  accounts  for  their  failure  to  deflect. 
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3«   Testing  the  model  of  molecular  dlpoles 

The  prediction  is  made  that,  due  to  the  shape  of  cis-dichloroethylene, 
it  should  be  polar  and  should  be  attracted  by  a  charged  rod.  The  pre- 
diction is  also  made  that  trans-dichloroethylene  should  be  non-polar 
and  should  not  be  attracted.  Experimental  results  confirm  the  predic- 
tions. 


h.     Performance  of  more  precise  experiments  using  the  charging  rate  of  a 
capacitor 

Specialized  apparatus  is  explained  using  animation.  Charges  oscillate 
from  plate  to  plate  of  a  cell  with  parallel  metal  walls  while  the  move- 
ment of  charge  is  detected  with  an  oscilloscope.   The  charging  time 
with  non-polar  trans-dichloroethylene  is  determined — 17  microseconds. 
The  charging  time  with  polar  cis-dichloroethylene  is  then  determined 
and  found  to  be  longer--29  microseconds.  Considering  the  dipole  model, 
the  following  explanation  is  proposed:  With  polar  cis-dichloroethylene 
between  the  plates  more  charges  are  attracted  by  the  dipoles  onto  each 
plate  and  hence  the  charging  time  required  is  longer. 


5-   Determination  of  the  effect  of  temperature  to  further  test  the  dipole 
model 

The  prediction  is  made  that  lowering  the  temperature  should  allow  the 
polar  cis-molecules  to  remain  better  aligned,  thus  requiring  a  still 
longer  charging  time.  Further,  it  is  predicted  that  the  charging 
time  for  non-polar  trans  dichloroethylene  should  be  little  affected  by 
a  change  of  temperature.   These  predictions  are  confirmed  by  experi- 
ments (cis- charging  time  at  0°  C.  is  37  microseconds,  trans-time  is 
still  17  microseconds),  thus  strengthening  belief  in  the  model  of 
molecular  dipoles. 

6.  Application  of  the  dipole  concept  to  differences  in  physical  and 
chemical  behavior 

Hydrogen  chloride  gas  is  found  to  dissolve  very  rapidly  in  water  but 
rather  slowly  in  benzene .  Comparison  of  the  electric  conductivity  of 
the  two  solutions  shows  that  the  water  solution  of  hydrogen  chloride 
is  a  good  conductor  of  electricity.  However,  the  benzene  solution  of 
hydrogen  chloride  does  not  conduct  appreciably.  Furthermore,  the 
water  solution  is  found  to  react  rapidly  with  magnesium  while  the 
benzene  solution  does  not  react.  These  observations  are  explained, 
using  the  molecular  dipole  model,  in  terms  of  solvent  polarity  and 
ion  hydration. 
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AbTKK  SHOWIHG;  Draw  structures  of  several  simple  molecules  and  ask  students 
which  are  polar  and  which  non-polar.        ^^  q^ 


Polar:  E 


-F,  H-\ 


H 


© 

Cl- 


Cl 


^'D 


Non-polar:   Cl-Cl,  H-H,  H-C  =  C-H, 


SUPPLEMENTARY  MATERIAL;   It  should  be  pointed  out  that  an  additional  effect 
may  contribute  to  the  deflection  of  the  polar  streams  by  a  charged  rod. 
Polar  materials  have  high  dielectric  constants  and  a  greater  tendency  for 
ionic  dissociation  and  for  picking  up  polar  impurities  such  as  water.   The 
presence  of  a  relatively  few  ions  in  the  liquid  could  result  in  considera- 
ble accumulation  of  opposite  charges  on  either  side  of  the  stream.   Such  a 
polarized  stream  would,  of  course,  deflect  in  much  the  same  manner  as  a 
single  dipole  was  shown  to  deflect  in  the  film.   Thus,  since  most  highly 
polar  liquids  also  conduct  appreciably,  one  may  choose  to  explain  deflection 
in  terms  of  conductivity. 

Careful  observers  may  note  that  some  of  the  non-polar  streams  deflect 
slightly.   Actually,  all  non-polar  liquids  will  be  attracted  a  little  due 
to  dipoles  induced  in  the  molecules  by  the  electric  charge  on  the  rod.   This 
induced  effect  is  also  present  in  polar  liquids,  but  the  permanent  dipole 
effect  exceeds  the  induced  effect,  masking  the  latter.   In  the  charging 
time  experiments,  the  presence  of  non-polar  trans- dichloroethylene  actually 
increased  the  charging  time  compared  to  that  for  the  empty  cell  because  of 
the  induced  dipoles.  However,  it  was  decided  to  eliminate  from  the  film 
any  reference  to  induced  dipole  effects,  since  they  are  not  primarily  a 
function  of  molecular  shape  or  bond  polarity. 

If  teachers  wish  to  do  similar  deflection  experiments,  extreme  care  should 
be  exercised  in  the  selection  and  handling  of  liquids  since  acetone  is 
flammable  and  carbon  disulfide  and  benzene  are  both  highly  toxic  and  flam- 
mable. 

The  amount  of  charge  on  the  plus  and  minus  rods  varies,  depending  on  the 
amount  of  rubbing,  so  the  amount  of  deflection  (but  not  the  direction  of 
deflection)  also  varies. 

Larger  solvent  molecules  which  are  polar  do  not  necessarily  produce  ions 
(e.g.,  HCl  dissolved  in  acetone  is  unlikely  to  form  sufficient  ions  to 
conduct).   Thus  other  factors  such  as  ion  size,  solvent  size,  and  polariza- 
bility,  must  also  be  considered  in  explaining  formation  or  non- format ion 
of  solvated  ions. 
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The  actual  determination  of  dipole  moments  is  commonly  done  by  carefully 
plotting  the  temperature  dependence  of  the  molar  polarizability  (which 
is  derived  from  the  measured  values  of  the  dielectric  constant).  From 
the  plot  one  can  obtain  the  permanent  dipole  moment  of  the  molecule,  as 
well  as  the  induced  dipole  effect  (See  Ref.  1.). 


REFERENCES: 

1.  F.  Daniels  et  al.,  Experimental  Physical  Chemistry,  McGraw-Hill  Book 
Co.,  Inc.,  1962. 

The  extent  of  "partial  charge"  on  the  different  portions  of  a  molecule 
is  often  of  some  interest.  The  dipole  moment  is  the  product  of  dis- 
tance of  separation  of  charges,  r,  times  the  value  of  either  the  posi- 
tive or  negative  charge,  q.  Two  charges  of  magnitude,  e,  equal  to  the 
charge  of  an  electron  or  proton  (U.8  x  10" 10  esu),  separated  by  a  dis- 
tance of  1  angstron  (10~^  cm)  would  have  a  dipole  moment  of 
k.Q  X   10"1®  esu  cm.  The  unit  10*18  esu  cm  is  called  the  "debye." 

If  a  diatomic  molecule  such  as  HF  were  completely  ionic,  the  dipole 
moment  and  the  product  erQ,  where  ro  is  the  intemuclear  distance, 
should  be  equal.   A  study  of  this  type  has  shown  that  the  partial 
charge  of  HF*  is  O.k^,   while  on  HI  it  is  only  O.O5.   (Ref.  2.) 

2.  L.  Pauling,  Nature  of  the  Chemical  Bond,  Cornell  Univ.  Press  (1960), 

p.  78. 


♦Assuming  that  all  of  the  +  charge  is  centered  about  the  H  nucleus 
and  all  of  the  -  charge  is  centered  about  the  F  nucleus. 


Produced  under  a  grant  from  the  National  Science  Foundation 
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SUMMARY:   This  film  explains  chemical  bonding  In  terms  of 
the  electric  Interactions  that  cause  the  bonding  In  the 
hydrogen  molecule.   The  release  of  energy  when  H  atoms  com- 
bine to  form  H2  on  a  platinum  surface  Is  shown.   This  energy 
change  Is  related  to  the  simultaneous  attraction  of  electrons 
by  two  or  more  nuclei,  opposed  by  electron-electron  and  nucleus- 
nucleus  repulsions.   Through  animation  the  quantum  mechanical 
view  of  electron  distribution  is  portrayed.   The  bonding  inter- 
action between  two  hydrogen  atoms  is  contrasted  to  the  very 
weak,  non-bonding  interaction  between  two  helium  atoms. 


PURPOSE:   To  Illustrate  the  electrical  interactions  among 
the  charged  particles  in  two  atoms  and  to  show  how  these 
interactions  can  result  in  chemical  bonding. 


PLACE  IN  CHEM  STUDY  COURSE;   After  Section  1.2  of  Chapter  I6, 
Molecules  in  the  Gas  Phase. 


BEFORE  SHOWING:   Explain  to  students,  perhaps  with  a  simple 
sketch,  that  the  glowing  hydrogen  in  the  vacuum  apparatus 
is  similar  to  the  atomic  hydrogen  light  source  used  in  the 
film,  THE  HYDROGEN  ATOM--AS  Viewed  By  Quantum  Mechanics, 
and  is  similar  in  its  operation  to  common  "neon  lights". 
As  the  H2  molecules  move  from  left  to  right,  they  pick  up 
energy  and  dissociate  (energy  +  H2  =  2H)  in  the  glow  region 
due  to  electron  bombardment.   The  resulting  H  atoms  emit 
light  while  in  the  glow  region  because  of  continued  electron 
bombardment . 


Ask  the  students  whether  the  tendency  to  minimum  energy  or 
the  tendency  to  maximum  randomness  is  more  likely  to  account 
for  two  H  atoms  forming  a  hydrogen  molecule.   Since  the  H2 
molecule  is  a  more  "ordered"  or  less  random  arrangement  than 
two  independent  hydrogen  atoms,  randomness  works  against 
bond  formation.   Hence,  the  tendency  toward  minimum  potential 
energy  accounts  for  bonding. 

When  this  conclusion  has  been  reached,  ask  the  students  why 
the  energy  is  lowered  when  a  molecule  of  H2  is  formed.   After 
hearing  suggestions,  begin  the  film  without  reaching  a  con- 
clusion . 
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OUTLINE; 

1 .  Experimental  evidence  for  energy  release  as  bonds  form 
between  hydrogen  atoms. 

A  vacuum  pump  Is  used  to  maintain  a  low  pressure  In  a 
glass  tube  containing  two  electrodes.   As  hydrogen  gas 
flows  Into  the  apparatus,  a  high  voltage  Is  applied. 
The  gas  glows.   The  glow  Is  evidence  that  hydrogen  atoms 
are  present.   High  energy  collisions  with  electrons 
break  the  bonds  In  the  hydrogen  molecules  to  form  atoms. 
Electron  bombardment  of  these  atoms  causes  them  to  emit 
light.   As  the  gas  continues  to  flow  toward  the  pump, 
the  gas  encounters  a  platinum  wire.   The  platinum 
catalyzes  the  recombination  of  the  atoms  to  form  molec- 
ular hydrogen.   The  glowing  of  the  platinum  is  visible 
evidence  that  energy  is  being  released.   The  energy  re- 
lease accompanies  the  formation  of  stable  chemical  bonds 

2.  Instantaneous  compared  to  time-average  views  of  atoms. 

In  seeking  an  explanation  for  the  formation  of  chemical 
bonds,  analysis  is  first  made  of  different  ways  to 

represent  an  atom.   As  an  analogy,  a  spinning  top  is 
compared  to  a  stationary  top.   A  hypothetical  "instan- 
taneous photograph"  of  a  hydrogen  atom  would  show  Just 
the  proton  and  the  electron  in  particular  positions 
and  would  correspond  to  the  stationary  top.   The  pro- 
bability view  of  a  hydrogen  atom  given  by  the  Is  orbital 
shows  a  blurred  or  time-average  view  and  corresponds 
to  the  spinning  tcp. 

3.  A  detailed  explanation  for  the  formation  of  a  chemical 
bond . 

As  two  hydrogen  atoms  are  brought  close  together,  the 
effect  of  the  electric  interactions  is  considered.   The 
attractive  interactions  of  electrons  for  nuclei  tend  to 
draw  the  two  atoms  together.   The  repulsive  interactions 
between  electron  and  electron,  and  between  nucleus  and 
nucleus  tend  to  force  the  two  atoms  apart.   At  the  equi- 
librium bond  distance,  the  total  attractive  forces  must 
be  Just  balanced  by  the  total  repulsive  forces.   The 
energy  at  this  distance  is  a  minimum. 

4.  The  energy  changes  accompanying  bond  formation. 

Two  isolated  hydrogen  atoms  have  higher  potential  energy 
than  when  close  enough  to  form  a  bond.   The  lowering  of 
the  energy  as  a  molecule  forms  is  the  result  of  a  new 
attraction  of  each  electron  for  the  opposite  nucleus. 
These  new  attractions  can  lower  the  energy  more  than 
the  repulsions  raise  it  at  internuclear  distances  where 
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the  electron-nucleus  distances  are  on  the  average, 
shorter  than  the  electron-electron  and  proton-proton 
distances.   If  the  nuclei  come  too  close,  then  the 
proton-proton  distances  become  shortest  and  the  energy 
rises  again.   The  atoms  tend  to  move  apart  again,  seek- 
ing the  equilibrium  bond  distance  where  the  energy  is 
a  minimum. 

5.  The  lack  of  bonding  between  helium  atoms. 

The  electric  interactions  between  two  helium  atoms  are 
analyzed  for  various  distances,  but  the  total  magnitude 
of  new  attractions  and  new  repulsions  cannot  readily  be 
predicted.   Hence,  an  experiment  is  performed  to  decide 
the  issue.   Helium  gas  is  passed  into  the  same  apparatus 
used  for  the  hydrogen  experiment,  but  this  time  the  plat- 
inum is  not  heated  by  the  impinging  helium  atoms.   The 
conclusion  is  reached  that  the  total  repulsions  are  about 
as  large  as  the  total  attractions  so  that  no  strong  chem- 
ical bond  can  form  between  helium  atoms.   Only  very  weak 
attractions  occur  (which  account  for  the  liquefaction 
of  helium  at  low  temperatures)  and  at  very  long  distances 
These  very  weak  attractions  are  distinguished  from  chem- 
ical bond  interactions:   they  are  called  van  der  Waals 
attractions. 

6.  A  general  explanation  for  bonding. 

When  a  chemical  bond  does  form,  it  is  due  to  the  simul- 
taneous attraction  of  electrons  for  more  than  one  nucleus 


AFTER  SHOWING:   Discuss  the  following  questions: 

1.  Does  the  film  provide  a  "recipe"   for  predicting  whether 
stable  chemical  bonds  will  form? 

(No.   When  orbital  occupancy  has  been  discussed  later 
in  Chapter  l6,  the  student  should  be  able  to  make  such 
predictions.)   It  merely  explains  why  the  energy  drops 
as  atoms  come  together  when  experiment  shows  that  a 
bond  does  form. 

2.  What  provides  the  "glue"  which  bonds  atoms  together? 
(The  fact  that  each  electron  is  able  to  spend  consider- 
able time  between  the  two  nuclei  provides  strong  at- 
tractions that  can  lower  the  energy.)   The  attractions 
lower  the  energy  more  than  the  repulsions  raise  the 
energy  because  the  electrons  "correlate"  their  move- 
ments so  they  stay  far  apart  most  of  the  time. 

SUPPLEMENTARY  MATERIAL 

A  careful  comparisor^  of  the  helium  glow  and  the  hydrogen 
glow  colors  shows  that  they  are  indeed  different,  though 
some  students  may  ask  if  they  are  the  same.   In  fact,  a 
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spectroscopic  examination  of  the  helium  glow  was  carried 
out  to  ensure  the  proper  color.   The  bubbler  was  refilled 
with  a  non-volatile  liquid,  dlbutyl  phthalate,  to  keep  HpO, 
hence  hydrogen  atoms,  out  of  the  helium  glow. 

It  Is  true  that  the  apparent  lack  of  heating  of  the  platinum 
In  the  helium  experiment  does  not  prove  conclusively  that 
bonding  Is  not  taking  place.   However,  more  sensitive  detec- 
tors, such  as  thermocouples,  confirm  that  no  energy  Is  re- 
leased. 

Most  of  the  glow  In  the  hydrogen  discharge  tube  Is  due  to 
electronic  transitions  In  atomic  hydrogen  (H*  =  H  +  hv). 
The  heating  of  the  platinum  Is  due  to  the  reaction  2H  =  Ho  + 
energy.   This  reaction  requires  a  catalyst.   Collisions  or 
two  atoms  of  hydrogen  In  the  gas  phase  may  produce  a  hydro- 
gen molecule,  but  this  molecule  will  contain  the  entire  energy 
of  formation  of  the  bond.   Unless  the  energy  Is  removed,  the 
atoms  will  merely  separate  again  (picture  the  atoms  approach- 
ing, riding  up  the  repulsive  side  of  the  potential  curve 
and  then  reversing  to  separate).   They  will  remain  together 
only  If  a  third  molecule  Is  nearby  to  accept  some  of  the 
energy.   In  the  gas  phase,  this  would  require  a  "three-body 
collision",  a  rare  event.   Hence,  H  atoms  have  difficulty 
reacting  with  each  other  In  the  gas  phase.   On  a  platinum 
surface,  the  platinum  serves  as  the  "third  body"  to  accept 
the  energy  released  as  the  bond  forms,  "cooling  off"  the 
molecule  so  the  atoms  can  remain  together.   This  Is  the  role 
of  platinum,  acting  here  as  a  catalyst. 

Produced  under  a  grant  from  the  National  Science  Foundation. 
Film  production  by  Davidson  Films,  San  Francisco,  California. 
CENCO  Hyvac  28  pump  courtesy  of  Central  Scientific  Company. 
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A  RESEACH  PROBLEM: 
INERT  (?)  GAS  COMPOUNDS 

19  MINUTES  IN  COLOR 

Collahorafors: 

Professor  George  C.  Pimentel,  Uniiersity  of  California 

Berkeley,  California,  and 

Dr.  J.  J.  Turner,  Cambridge  Uniiersity, 

Cambridge,  England 


SUMMARY:   An  actual  research  problem,  the  first  synthesis  of  krypton 
difluoride,  is  traced  from  its  inspiration  to  the  first  tentative  success. 
A  pyrolysis  train  for  the  preparation  of  XeFi+  is  shown.   In  extreme  close- 
up,  the  colorful  reaction  of  XeFi|  with  water  is  displayed,  and  a  crystal 
of  Xe03  is  detonated  by  tickling  with  a  piece  of  tissue.  Krypton  difluor- 
ide  is  prepared  by  photolysis  of  fluorine  in  solid  krypton  at  the  temper- 
ature of  liquid  hydrogen  (200K)  and  identified  by  its  infrared  spectrum. 

PURPOSE:   To  convey  the  intense  excitement  and  deep  personal  involvement 
of  research  in  the  stimulating  context  of  the  first  synthesis  of  one  of 
the  inert  gas  compounds. 

PLACE  IN  CHEM  STUDY  COURSE:   As  convenient,  with  or  after  Chapter  l6, 
Molecules  in  the  Gas  Phase. 

BEFORE  SHOWING:   Point  out  to  the  students  that  this  film  deals  with  a 
research  problem  which  only  a  few  years  ago  would  have  been  considered  "by 
most  chemists  to  be  almost  a  waste  of  effort.  The  first  synthesis  of 
xenon  compounds  in  1962  reopened  an  area  of  research  previously  investi- 
gated only  sporadically  by  a  handful  of  chemists. 

The  technique  of  photolysis  of  F2  with  near-ultraviolet  light  will  mean 
more  to  students  if  it  is  related  to  the  discussions  of  absorption  of 
"light"  by  molecules  given  on  pages  2U8-250  of  the  CHEM  Study  text, 
Chemistry:   An  Experimental  Science,  and  in  the  film,  MOLECULAR  SPECTROS- 
COPY.  The  interaction  between  light  and  matter  is  used  in  this  project 
both  in  the  synthesis  (through  photolysis)  and  in  the  identification  of 
the  product  (through  infrared  detection). 

OUTLINE:   Professor  Richard  E.  Powell  of  the  University  of  California, 
Berkeley,  reports  to  a  seminar  on  the  news  of  the  synthesis  of  XePtF^ 
and  XeFi^.  Professor  George  Pimentel  then  describes  the  initial  reaction 
of  chemists  to  this  generally  unexpected  development.  A  synthesis  of 
XeF^  is  described,  showing  suitable  apparatus.  The  simplicity  of  the 
apparatus  should  not  becloud'  the  danger  of  handling  elemental  fluorine 
and  the  resulting  inert  gas  compounds.  The  sample  of  XeF^  is  shown 
and  reacted  with  water,  forming  a  yellow  intermediate  and  then  an 
aqueous  solution  of  XeOrs.  The  solution  is  evaporated,  and  the  extreme 
reactivity  of  dry  XeO-^  is  demonstrated  and  linked  to  the  extreme 
stability  of  the  element  xenon. 


T^ACm^o  GUIDE  FOR  CHEM  Study  FILM  NO.  I^l60 

Professor  Pimentel  introduces  Dr.  J.  J.  Turner,  a  visiting  scientist  from 
Cambridge  University,  England.  Dr.  Turner  discusses  the  results  of  infra- 
red analyses  of  XeFU  he  had  made,  indicating  the  presence  of  unknown  im- 
purities. Pimentel  suggests  attempting  to  prepare  a  krypton  fluoride  at 
low  temperature  by  suspending  fluorine  in  solid  krypton.  He  suggests 
that  the  fluorine  molecules  could  be  decomposed  by  near  ultraviolet  light 
at  PO^K,  possibly  allowing  the  fo] loving  reactions  to  take  place:   Fg —  2F, 
Kr  +  ^F — KrFi|.  Low  temperature  is  suggested  in  case  the  compound  is  less 
stable  than  XeFi^. 

Turner  poses  the  possibility  that  KrF2  may  form  and  brings  out  the  problem 
of  verifying  the  technique  and  identifying  the  product.   He  suggests  try- 
ing the  method  with  xenon  first.  He  then  sketches  the  apparatus  which  is 
subsequently  shown.   The  apparatus  is  so  designed  that  the  product  will  be 
formed  on  a  cesium  iodide  "window"  so  that  it  can  be  directly  analyzed  by 
its  infrared  spectrum.  Cesium  iodide  is  transparent  in  the  infrared 
region  of  the  spectrum  (glass  is  opaque).   The  actual  conducting  of  the 
experiment  over  a  period  of  seven  hours  is  shown  as  is  the  analysis  of  the 
product  by  infrared  spectrometer.  The  possible  significance  of  the  infra- 
red analysis  is  discussed.  The  tentative  nature  of  the  result  is  empha- 
sized, and  further  confirming  experiments  are  proposed. 


liquid  hydn>9«n 


Voouuf^  for  wisciww 
inwtotion 


'    window 


wnnoMv 


Sam^  ApfiMi  xan) 


Cofptr  Wecli 


AFTER  SHOWING: 

1.  What  sparked  the  original  interest  in  this  research? 


A.  The  novelty  of  the  discovery  of  XeF^  (by  other  scientists)  together 
with  Professor  Pimentel 's  interest  in  molecules  with  unusual  bond- 
ing and  his  earlier  consideration  of  the  possibility  of  inert  gas 

compounds. 

2.  Why  was  great  care  taken  to  keep  the  temperature  very  low? 

It  was  anticipated  that  the  product  might  have  such  weak  bonds  that  it 
would  decompose  at  room  temperature.  Low  temperatures  might  slow  the 
rate  of  decomposition. 
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3.  With  the  temperature  so  ]ov;_.  how  was  the  neoessar;,'-  activation 
energy  provided? 

A.  Near  ultraviolet  light.  A  single  photon  of  absorbed  J ight 
in  this  spectral  region  has  sufficient  energy  to  deconroose 
a  fluorine  molecule  into  atoms. 

h.      What  were  the  scientists  doing  as  the  film  ended? 

A.   Discussing  results  and  possible  interpretations  of  the  results 
and  planning  further  experiments  to  test  the  interrretations. 


SUPPLEMENTARY  T^IATERIAL:   The  r^ossible  existence  of  inert  gas  compounds 
was  predicted  by  Professor  Fimentel  prior  to  their  discovery  on  the 
basis  of  an  explanation  of  the  unusual  chemical  bonding  in  lo.   (See 
Jouma.l  of  Chemical  Physics,  1951;  Vol.  I9,  page  hhS) .      This  explan- 
ation,  called  the  "molecular  orbital"  description  of  chemir-ai  bonds, 
presumes  that  the  electrons  do  not  remain  near  particular  atoms  but 
rather  range  over  the  entire  molecule. 

As  of  the  date  of  this  writing,  XeF^,  XeF^^,  XeF2,  and  Kr?^,  KrFo  have 
been  discovered.   This  film  "Dortrays  the  first  discover;/  of  Y.vFo. 
Oxygenated  compounds  are  also  known,  Xe03  being  the  most  definitely 
characterized.   This  compound,  xenon  trioxide,  is  quite  similar  in 
structure  to  iodate  ion,  10"^ 

Note  that  the  primary  purpose  of  the  film  is  not  to  exrlain  the  exis- 
tence of  the  inert  gas  compounds,  but  rather  to  convey  tne  excitement 
and  personal  involvement  of  scientific  research.   The  discovery  of  new 
knowledge  is  a  creative  activity  and,  as  such,  us-ually  involves  indi- 
viduals, not  "teams".   Most  research  problems,  even  successful  ones, 
tend  to  raise  questions  as  well  as  to  provide  answers.  When  alternate 
interpretations  of  an  experimental  result  are  possible,  new  experiments 
are  suggested.   Thus,  research  expands  our  knowledge,  both  by  providing 
explanations  and  stimulating  new  experiments. 

If  the  film  stimulates  discussion  of  the  chemistry  of  inert  gas  com- 
pounds, begin  with  some  remarks  about  fluorine.   Elemental  fluorine  is 
the  most  powerful  oxidizing  agent  known,  reacting  with  practically  all 
organic  and  inorganic  substances  (exceiDt  some  metal  fluorides)  and 
all  metals  (unless  coated  with  a  continuous  metal  fluoride  film).   It 
reacts  with  water  and  with  glass.   It  is  toxic  to  breathe  and  skin 
contact  produces  painful  chemical  bums.   Fluorine  should  be  used  only 
in  laboratories  properly  equipped  and  ventilated  and  only  by  well- 
insured  chemists  who  are  experienced  in  handling  extra-hazardous 
substances. 


3. 
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Properties  of  some  compounds: 


vapor 
pressure 

XeF    colorless  crystal   ^  3  nm 
2 

XeF]^   colorless  crystal   '^  3  nrni 
XeF^   colorless  crystal    30  mm 


melting    average 
po^^^^    "bond  energy 


structure 


1^0 

11U° 

U6° 


linear 

32   kcal    square  planar 

30.5  kcal    distorted 

octahedron  (?) 


XeO 


^   colorless  crystal 


explosive  <  28   kcal    trigonal 

pyramid 


Preparation: 
Xe(g)  +Fo(g) 


ultraviolet  light 


Xe(g)  +  2F2(g)    nickel  tube 

i400OC 

Xe(g)  +  3r2{&,)  nickel  tube  ^ 

7OOOC 

large  excess  of  F2  higl:  pressure 


XeF2(s) 
XeF^Cs) 

XeFgCs) 


product  trapped  at  -T8°C 
gases  rapidly  cooled  to  20  C 

product  trapped  at  -78°C 


6XeF|^(s)  +12H20(^)--i^Xe(g)  +  2Xe03(s)  +  302(g)  +  2UHF(g) 
XeOo  is  left  on  evaporation 


Reactions; 


XeF2  +  H2O  -*Xe  4-  1/2  O2  +  2HF 

o 
XeF2  +  H2      )  Xe  +  2IIF 

XeFi^  +  H2O  (see  above) 

XeFi^  +  Ul  -*Xe  +  2I2  +  ^^F 


Other  coinpounds  prepared  or  postulated; 

XeOF|^,        XeOi_,        Nai^XeO^^-SH^O  ,        RnF^,  KrF2,  KrF]^ 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  -production  by  Davidson  Films,  San  Francisco 
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SYNTHESIS  OF  AN  ORGANIC  COMPOUND 

22  MINUTES  IN  COLOR 

Collaborator: 

Professor  T.  A.  Geissman.   Unhcrsify  of  California, 

Los  Angeles,  California 


SUMMARY:   The  film  shows  the  synthesis  of  2-butanone,  a  ketone, 
from  2-butanol,  an  alcohol,  as  an  example  of  a  common  type  of 
organic  synthesis.   It  discusses  three  basic  steps:   synthesis, 
purification.  Identification.   In  the  synthesis,  2-butanol  Is 
oxidized  by  sodium  dlchromate  and  sulfuric  acid  to  yield  2- 
butanone .   Purification  Is  accomplished  by  solvent  extraction 
with  ether  followed  by  distillation  of  the  2-butanone.   The 
Identity  of  the  product  Is  established  by  forming  a  solid 
derivative  of  the  2-butanone  and  determining  Its  melting 
point,  and  the  identity  is  confirmed  by  Infrared  spectroscopy. 

PURPOSE:   To  give  students  an  opportunity  to  observe  an  out- 
standing  organic  chemist  perform  the  synthesis  of  a  simple 
com.pound  and  to  indicate  the  general  steps  which  are  Important 
in  any  synthesis. 

PLACE  IN  CHEM  STUDY  COURSE:   After  section  l8-3,  in  Chapter 
18,  The  Chemistry  of  Carbon  Compounds. 

BEFORE  SHOWING:   Discuss  reactivity  of  functional  groups. 
Review  the  oxidation  of  a  secondary  alcohol  to  a  ketone. 
Be  sure  that  students  know  the  formula  of  2-butanol, 
CH^CHOHCH^CH^,  and  of  2-butanone,  CHoC0CH2CHn.   Remind  the 

students  that  organic  chemistry  has  many  special  techniques 
that  may  be  new  to  them  which  they  can  observe  in  the  film, 
i.e.,  the  use  of  a  separatory  funnel,  the  preparation  of  a 
derivative . 

OUTLINE: 

1.   Oxidation  of  2-butanol  to  2-butanone  using  acidified 
sodium  dlchromate 

A.   The  balanced  equation  is  obtained  by  writing  the 
half-reaction  for  the  oxidation  of  2-butanol: 

CH^CHOHCH^CH^   =   CH^COCH^CH^  +  2h'^  +  2e" . 

The  half-reaction  for  the  reduction  of  dlchromate  is 
written  Cr^O^"  +  14  h"*"  +  6e"   =   2Cr"*"  -i-  TH^O.   Inspec- 
tion of  these  half-reactions  shows  that  multiplying  the 
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butamol  half-reaction  by  3  and  adding  the  half-reactions 
gives  the  overall  equation. 

SCH^CHOHCH^CH^  +  Cr^O^"  +  &E^   =  3CH3COCH2CH3  +  2Cr"^^  +  THg^- 

B.  Calculating  from  the  equation,  the  proper  amounts  of 
the  reagents  are  weighed  out.   With  1/2  mole  or  37  grams 
of  2-butanol  as  the  starting  material,  1/3  as  many  moles 
of  chromate  are  needed.   This  Is  (1/3)  x  (l/2  mole)  x 
(298  g/mole)  or  50  grams  of  Na2Cr20«,-2H20.  K^SO^   supplies 

the  8h  Ions,  for  every  3  molecules  of  2-butanol.   But 
each  H^SOi^^  supplies  2H^  Ions,  which  cuts  by  l/2  the  num- 
ber of  moles  needed  (8/3)  x  (l/2)  x  (l/2  mole)  x  (98  g/mole) 
=  66  grams  of  H2S02^. 

C.  The  various  steps  In  the  synthesis  are  carried  out. 
First  sulfuric  acid  Is  diluted  by  pouring  It  slowly  Into 
water.   Sodium  dlchromate  Is  dissolved  In  the  acid  solu- 
tion forming  the  oxidizing  solution.   Ether  Is  added  to 
the  2-butanol  to  dilute  the  mixture  which  Is  then  placed 
In  the  reaction  flask.   The  oxidizing  solution  Is  slowly 
added  to  the  ether  solution  with  vigorous  stirring.   A 
water  bath  removes  the  heat  of  the  reaction. 

2.    Purification  of  the  2-butanone  product 

A.   The  ether  layer,  containing  the  product,  is  separated 
from  the  aqueous  layer  in  a  separatory  funnel.   The  aque- 
ous layer  is  extracted  with  ether  to  remove  any  traces 
of  ketone.   This  ether  is  added  to  the  original  ether 
layer. 


The  ether  layer  is  purified  first  by  adding  NaHCOo 
ition  to  neutralize  acid.   Repeated  washings  with 


B. 

solution  to  neutralize  acid.   Repeated  washing: 

distilled  water  remove  inorganic  material.   Anhydrous 

NapS0|,  removes  traces  of  water  leaving  a  water-white 

solution. 

C.  The  ether  layer  is  distilled  to  separate  the  ether 
from  the  2-butanone.   The  remaining  ketone  is  transferred 
to  a  small  distilling  apparatus.   The  purified  ketone  is 
then  collected  in  a  weighed  flask  and  weighed. 

D.  The  yield  is  calculated.   The  weight  of  the  product, 
30  g,  compared  to  the  theoretical  yield  of  l/2  mole,  or 
36  g,  gives  a  percent  yield  of  3o/36  x  100  or  83^. 

3 .    Identification  oT  the  pi'oduct 

A.   Preparation  of  a  derivative  with  known  properties 
is  one  method  of  identification.   2-4  dlnltrophenylhy- 
drazine  and  alcohol  added  to  the  ketone  give  an  orange 
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crystal.   The  melting  point  of  the  derivative  is  measured 
and  compared  to  a  chart  of  known  derivative  melting 
points  for  identification. 

B.   The  infrared  spectrum  is  used  for  identification  by 
taking  the  spectrum  of  the  product  and  comparing  it  to 
the  spectrum  of  a  known  sample  of  2-butanone. 

AFTER  SHOWING:   Discuss  yield.   Ask  students  to  explain  why 
a  100%  yield  was  not  obtained.    Answer:   Some  ketone  is 
lost  in  the  water  layer  and  the  water  wash.   Also,  side  reac- 
tions, incomplete  reaction,  ketone  clinging  to  the  glassware 
in  the  distillations,  and  ketone  vapor  escaping  condensation 
account  for  loss  of  product. 

Discuss  washing  operation.   Suggest  possible  impurities,  such 
as  Na  ,  Cr"*"  ,  and  unreacted  2-butanol,  and  ask  how  they  could 
be  removed  with  little  loss  of  ketone.    Answer:   Water  soluble 
impurities  can  be  removed  by  extraction  with  water,  organic 
solvents  are  removed  by  careful  distillation. 

Discuss  methods  of  synthesis  of  new  compounds  using  the  reac- 
tions in  the  text.   Example:   Ethyl  bromide  from  ethyl  alcohol. 

Discuss  special  techniques  used  in  the  film.   Ask  students  if 
any  of  them  know  how  the  capillary  tube  was  attached  to  the 
thermometer.    Answer:   The  heating  fluid  used  is  concentrated 
sulfuric  acid  because  of  its  high  boiling  point  and  heat 
capacity.   The  high  surface  tension  of  concentrated  sulfuric 
acid  on  glass  holds  the  capillary  tube  to  the  thermometer. 

Make  a  list  of  drugs  and  other  products  produced  by  organic 
synthesis.   Examples:   Aspirin,  tetraethyl  lead,  nylon,  ethyl 
acetate,  and  nitrobenzene. 

SUPPLEMENTARY  MATERIAL: 

The  weighing  technique  (to  0.1  gram)  is  typical  of  that  for 
organic  reactions.   Often  a  large  excess  of  one  reagent  (usu- 
ally the  least  expensive  one)  is  added  to  cause  additional 
formation  of  product  as  predicted  by  Le  Chatelier's  Principle. 

This  experiment  actually  requires  3-4  hours,  and  is  typical 

of  experiments  done  in  a  beginning  course  in  organic  chemistry. 

Produced  under  a  grant  from  the  National  Science  Foundation. 
Film  production  by  Wexler  Film  Productions,  Los  Angeles, 

California. 
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MECHANISM  OF  AN  ORGANIC  REACTION 

20   MINUTES  IN  COLOR 

Collaborators: 

Professor  Henry  Rapoport,  Department  of  Chemistry, 

University   of  California, 

Berkeley,  California,  and 

Dr.  Philip  Eaton,  Department  ot  Chemistry, 

University  of  Chicago 


SUMMARY:  A  study  of  the  hydrolysis  of  the  ester  methyl  henzoate  shows  that 
the  discovery  of  a  reaction  mechanism  includes  a  determination  of  the 
chemica].  equation,  the  structures  of  the  reactants  and  products,  the  fate 
of  each  atom  of  the  reactants,  and  the  structures  of  the  intermediate 
molecules.   The  concepts  of  bond  polarity  and  the  effect  of  varying  the 
structure  of  the  ester  also  provide  valuable  hints .   The  use  of  oxygen- 
18  and  its  detection  on  a  mass  spectrometer  provide  critical  experimental 
data  for  the  mechanism  of  the  hydroxide  catalyzed  hydrolysis  of  methyl 
benzoate. 

PURPOSE:   To  show  the  experimental  procedures  and  the  logical  reasoning 
involved  in  learning  the  mechanism  of  an  organic  reaction. 

PLACE  IN  CHEM  STUDY  COURSE:  After  Section  I8-9  in  Chapter  I8,  The 
Chemistry  of  Carbon  Compounds 

BEFORE  SHOW mo :   Students  should  know  the  definition  of  reaction  mechanism 
and  the  equation  for  the  hydrolysis  of  an  ester.   The  students  should  be 
asked  to  consider  how  such  detailed  knowledge  on  a  molecular  level  can  be 
obtained  without  actually  seeing  the  molecules. 

OUTLiriE: 

3 .  Establishing  the  net  equation  for  ester  hydrolysis 

An  ester,  methyl  benzoate,  is  combined  with  a  water  solution  of  sodium 
hydroxide.  By  heating  and  stirring,  the  ester  is  hydrolyzed.   The 
hydroxide  ion  has  acted  as  a  catalyst  and  must  be  neutralized  to  allow 
separation  of  the  products,  benzoic  acid  and  methanol.   The  net  equa- 
tion is: 

C5H5COOCH  +  H2O  =  CH  OH  +  C5H5COOH 

2.   Investigation  of  the  bonds  involved  in  the  reaction 

Comparison  of  the  structure  of  the  reactants  to  the  products  shows 
that  most  of  the  groups  are  transferred  intact.  By  inspection  we 
see  that  the  bridge  oxygen  atom  in  methyl  benzoate  could  end  up  in 
either  benzoic  acid  (route  l)  or  methanol  (route  2). 


O^^^OCHj 


H2O    -I-   J.  \     =       J.        -h   CH3OH 
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By  labeling  this  atom  with  an  isotope,  oxygen- l8,  and  analyzing  the  pro- 
ducts in  a  mass  spectrometer,  ve  can  tell  where  the  "bridge  oxygen  atom 
goes.  Water  containing  icyfo   oxygen- 18  is  used  to  synthesize  the  labeled 
ester.  The  synthesis  involves  the  following  equations. 

Hg'^O    +   No  *-  1/2  H,  +  Na'^GH 


Na'^OH   +  CH,I  >-    No  I  +  CHJ®0H 


CH,'®OH 


0^^/"OCH: 


3'   Use  of  the  mass  spectrometer 


The  mass  STiectrometer  is  used  to  analyze  ordinary  water.  Three  peaks 
are  obtained:  One  at  mass  l6  for  oxygen-l6  ions  (one  electron  removed), 
one  at  ^ss  17  for  (Oh)  ions,  and  the  largest  at  mass  l8  corresponding 
to  (H2-'-°0)  .  No  other  peaks  are  seen.  A  sample  of  the  labeled  water  is 
tested.  The  same  three  peaks  are  obtained  at  masses  l6.  17,  and  l8. 
A  peak  apDears  also  at  mass  19,  corresponding  to  (l^OH)"^  ions,  and  a 
peak  occurs  at  mass  20,  corresponding  to  (H2  O)'^ions.  The  oxygen  in 
the  labeled  ester  is  converted  to  CO  by  heating  to  1100°  a  small  sample 
of  the  ester  in  an  evacuated  quartz  tube.   The  CO  is  placed  in  the  mass 
spectrometer.   Two_|peaks  result  -  one  at  mass  28  for  (C^^O)"*",  and  one  at 
mass  30  for  (cl^O)  ,  showing  that  there  is  oxygen- I8  in  the  ester. 

^'      Location  of  the  oxygen- I8  in  the  products. 

The  labeled  ester  is  hydrolyzed  in  the  same  manner  as  the  unlabeled 
ester.   The  products  are  separated.   The  methanol  is  converted  to  car- 
bon monoxide  by  the  same  method  as  above.   Testing  the  CO  in  the  mass 
spectrometer,  we  find  two  peaks,  one  at  mass  28  and  one  at  mass  30. 
Thus  we  know  that  the  methanol  does  contain  oxygen-l8.   The  benzoic 
acid  is  converted  to  CO  and  tested.  Only  one  peak  is  fo-ond;  no  oxygen- 
18  is  present.  The  oxygen-l8  goes  only  into  the  methanol  showing 
that  the  methyl-oxygen  bond  does  not  break. 

5-   Proposing  a  mechanism. 

Using  the  knowledge  that  the  bridge  oxygen  atom  remains  with  the  methyl 
group,  we  propose  a  mechanism  in  animation  consistent  with  this  result. 
The  mechanism  starts  with  the  attack  of  the  hydroxide  ion  catalyst  on 
the  ester.   An  intermediate  molecule  forms  which  decomposes  to  give 
benzoic  acid  and  methoxide  ion.   The  methoxide  ion  (a  strong  base) 
reacts  with  water  to  give  methanol  regenerating  the  hydroxide  ion  catalyst 


0^  ^OCH- 


OCH3 
0-C-OH 


OH"   -»- 


0^   OH 


^   X^   -f   CH3O 


CH3O"       -f-        H2O  >-       CH3OH       -I-     OH" 

This  mechanism  is  found  to  be  consistent  with  known  bond  polarities 


2. 
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6.  Checking  the  mechanism  experimentally. 

The  proposed  mechanism  depends  on  the  ability  of  the  hydroxide  Ion  to 
attack  the  ester  group.  If  this  mechanism  Is  correct,  an  ester  with 
blocking  groups  around  the  ester  group  should  be  difficult  to  hydrolyze. 
A  sample  of  methyl  2,   6-  dlmethylbenzoate 

^^     Is  submitted  to  the  same 
hydrolysis  conditions  as  the  methyl  benzoate.  No  reaction  occurs 
since  the  methyl  groups  prevent  the  formation  of  the  Intermediate 
molecule.  This  adds  further  confirmation  to  the  proposed  mechanism. 

Aj?"!'!;^  SHOWING:   Discuss  the  various  experiments  shown  In  the  film  and  the 
knowledge  that  each  contributed  to  the  mechanism.  What  mechanisms  would 
have  been  possibilities  if  the  isotope  experiment  had  given  the  opposite 
results?  Answer:   If  the  isotope  were  found  in  the  benzoic  acid,  it 
would  indicate  that  the  methyl  oxygen  bond  broke  during  the  reaction. 
In  this  case,  the  hydroxide  ion  could  attack  the  methyl  group  and  dis- 
place the  benzoate  ion.  What  would  have  been  the  explanation  if  the 
isotope  was  found  in  both  of  the  products?  Answer:  Two  mechanisms  are 
equally  possible  and  are  both  occurring. 

SUPPLEMENTARY  MATERIAL:   The  mass  spectrometer  ionizes  molecules  and 
sometimes  breaks  them  into  smaller  fragments.  This  explains  the  three 
peaks  for  ordinary  water.   Three  peaks,  each  two  units  higher,  would  be 
obtained  for  100^  H2IQ0.  In  10^  Hp^^O  the  small  peak  for  ^^O  ions  is 
added  on  to  the  large  peak  for  H2^o0  ions  and  so  a  total  of  only  five 
peaks  are  seen.  When  the  recorder  charts  are  transferred  and  labeled, 
the  ink  is  made  heavier  and  the  background  oscillations  are  smoothed 
out.  However,  all  of  the  significant  peaks  are  maintained  as  observed. 
One  may  note  that  the  Cl°0  peak  obtained  from  labeled  methyl  benzoate 
is  less  than  10^  of  the  C^^O  peak  height.   In  the  labeled  ester,  10^  of 
the  bridge  oxygen  atoms  are  labeled.  But  each  molecule  has  an  additional 
oxygen  atom,  the  carbonyl  oxygen,  which  is  unlabeled.  This  unlabeled 
oxygen  is  also  degraded  to  CO  and  cuts  the  observed  l^O  labeling  to  5^. 

Since  hydroxide  ion,  OH",  is  present  in  the  reaction  mixture,  the 
benzoic  acid,  C^HcCOOH  which  forms,  reacts  to  form  water  and  benzoate 
ion,  C6H5COO".  The  HCl  which  is  added  donates  protons  to  the  benzoate 
ion  forming  neutral  benzoic  acid  which  precipitates. 

Further  evidence  for  the  proposed  mechanism  is  given  by  kinetic  studies. 
The  rate  of  the  reaction  is  found  to  be  dependent  upon  the  concentra- 
tions of  ester  and  of  hydroxide  ion.   Thus  the  rate  determining  step 
involves  attack  by  hydroxide  ion  directly  upon  the  ester. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Davidson  Films,  San  Francisco 
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BROMINE  —  ELEMENT  FROM  THE  SEA 

22  MINUTES  IN  COLOR 

Collaborators: 

Professor  J.  Leland  Hollenberg,  Unhersity  of  Redlands, 

Kedlands,  California,  and 

James  E.  Magner,  Dotil  Chemical  Company, 

Pittsburg,  California 


SUMMARY:   The  high  chemical  reactivity  of  bromine  plus  the  high  solu- 
bilities of  bromine  compounds  result  in  most  of  the  world's  bromine 
being  in  the  oceans.   For  this  reason  the  chemistry  of  an  aqueous 
solution  of  bromine  is  explored.   The  process  for  recovering  elemental 
bromine  from  sea  water  is  then  developed  on  a  laboratory  scale.  The 
essential  steps  are  l)  oxidation  of  bromide  ion  with  chlorine,   2) 
concentration  by  reduction  with  sulfur  dioxide  to  hydrogen  bromide, 
and  3)  reoxidation  followed  by  separation  of  the  bromine  by  steam  dis- 
tillation.  The  same  steps  are  then  shown  in  an  industrial  bromine  plant. 

PURPOSE:   To  broaden  the  student's  understanding  of  halogen  chemistry  by 
showing  some  properties  of  bromine  and  problems  encountered  in  its  extrac- 
tion from  sea  water. 

PLACE  n;  CHEM  STUDY  COURSE:   After  Section  2.2  of  Chapter  19,  The  Halogens, 

BEFORE  SHOWING:   Review  principles  of  oxidation- reduction  and  use  of  E 
values  in  determining  whether  a  reaction  is  likely  to  proceed. 

OUTLUTE: 

1.  Determination  of  reactivity  of  bromine  and  solubility  of  bromine 
compounds. 

A  chart  gives  the  concentrations  of  various  ion  species  in  sea  water. 
The  rapid  reactions  of  bromine  with  phosphorus,  aluminum,  and  hydro- 
gen and  the  high  solubilities  of  the  resulting  compounds  provide  an 
explanation  for  the  presence  of  most  of  the  world's  bromine  compounds 
in  the  oceans. 

2.  Exploration  of  the  chemistry  of  an  aqueous  solution  of  bromine. 

Liquid  bromine  is  poured  into  water  and  stirred  until  a  saturated 
solution  is  obtained  which  has  the  characteristic  amber  color  of 
bromine.  Addition  of  acid  produces  no  apparent  effect,  but  addition 
of  base  produces  a  very  pale  yellow  color.  A  sample  of  sea  water  is 
tested  with  litmus  and  found  to  be  alkaline.  Consideration  of  the 
hypobromite  equilibrium, 

Br2  +  20H"  =  OBr'  +  Br" +  H2O 

suggests  that  the  addition  of  acid  to  sea  water  may  produce  bromine. 
However,  no  appreciable  amount  of  elemental  bromine  is  formed,  as 
shown  by  the  lack  of  color. 
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3.  Finding  a  suitable  oxidizing  agent. 

Consideration  of  the  oxidation  states  suggests  that  oxidation  of 
bromide  is  needed  to  form  bromine.  From  a  table  of  E°  values, 
the  cheapest  oxidizing  agent,  oxygen,  is  selected  and  the  follow- 
ing half- react ions  are  added: 


2Br  =  2e  +  Br2  -I.06 

1/2  02  +  21*"+  2e"  =  H2O  +1.23 

2Br"  +  1/2  O2  +  2H^  =  Br^  +  H2O       +0.1?  volts 

Since  the  E°  value  of  the  net  reaction  is  positive,  the  reaction 
may  proceed,  but  at  a  rate  which  is  not  known.  Experiment  using 
sea  water  concentrated  by  a  factor  of  50  to  enhance  color 
changes  shows  the  rate  with  O2  to  be  too  slow.  Chlorine  is  selec- 
ted as  the  next  choice  for  an  oxidizing  agent.   The  following 
half- reactions  are  added: 


2Br"  = 

^  2e 

"  + 

Br2 

E° 

-1. 

.06 

C12 

+  2e'  = 

^  2C1' 

+  1, 

.36 

2Br" 

■  + 

CI, 

=  2C1- 

+ 

Br, 

+  0, 

.30 

volts 

Again  the  E*^  value  shows  that  the  reaction  may  proceed,  and  exper- 
iment confirms  that  the  rate  is  sufficiently  rapid  to  produce 
elemental  bromine. 

k.     Concentration  of  the  bromine 

Observations  of  the  volatility  of  bromine  lead  to  blowing  bromine 
vapor  out  of  the  aqueous  solution.  However,  concentrating  the 
bromine  vapor  is  required  since  it  is  dispersed  in  a  very  large 
volume  of  air.  On  the  basis  of  its  high  solubility  in  water, 
hydrogen  bromide  is  select-ed  as  a  suitable  intermediate.  To  form 
hydrogen  bromide,  the  chosen  reducing  agent  is  sulfur  dioxide. 
The  following  half- reactions  are  added: 


0 
E 

Br,  +  2e"  =  2Br" 
SO2  +  2H2O  =   2e"  +  SO"^"^  +  ^H 

+  1.06 
-0.17 

+  -2 

SO2  +Br2  +  21,0  =  UH  +  2Br"  +  SO^    +O.89  volts 

Experiment  confirms  that  this  reduction  step  proceeds  rapidly. 
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5.  Purification  of  the  bromine 

To  obtain  pure  elemental  bromine,  the  hydrogen  bromide  solution  is 
chlorinated  to  form  bromine.   Steam  distillation  then  yields  a  small 
quantity  of  pure  liquid  bromine,  about  1  gram  from  about  12  liters 
of  ordinary  sea  water. 

6.  Production  of  bromine  at  the  Ethyl-Dov  plant 

A  brief  tour  is  given  of  a  plant  at  Freeport,  Texas,  which  produces 
over  100  million  pounds  of  bromine  annually  from  sea  water.   The  same 
chemical  processes  developed  in  the  laboratory  are  shown  in  use  on  a 
very  large  scale  in  the  plant. 

AFTER  SHOWING 

1.   Discuss  why  chlorine,  and  not  oxygen  or  some  other  oxidizing  agent, 
proved  to  be  most  suitable  for  oxidizing  bromide  to  bromine.   (Even 
though  oxygen  is  cheaper,  the  rate  is  far  too  slow,  and  therefore 
the  fast  oxidizing  agent  which  is  next  in  cost,  chlorine  is  used. 
The  discovery  of  a  procedure  which  would  permit  the  use  of  oxygen 
would  be  of  great  help  in  reducing  the  cost  of  bromine.) 

?. .      Why  was  sulfur  dioxide  chosen  for  the  reducing  agent?   (Lowest  cost, 
ir,   a  gas  at  room  temperature,  gives  rapid  reduction.   It  will  be 
noted  that  the  SO2  reduction  plus  CI2  reoxidation  produces  acid. 
This  is  used  to  acidify  sea  water  and  greatly  reduces  the  need  for 
purchased  acid.) 

3.   Why  was  it  necessary  to  convert  bromine  to  hydrogen  bromide  and  then 
once  more  to  bromine?   (The  initial  bromine,  formed  from  unconcentra- 
ted  sea  water,  is  dispersed  as  gas  in  a  huge  volume  of  air,  hence  the 
need  for  an  intermediate  of  very  high  solubility,  hydrogen  bromide.) 

^.  './tiy  is  Gea  water  not  concentrated  in  the  industrial  production  of 
bromine?  (This  step  would  require  large  amounts  of  energy  and  is 
made  unnecessary  by  the  concentration  procedure  using  hydrogen  bromide.) 

5.   Discuss  the  self-oxidation  which  occurs  inliie  bromine- in-water 

equilibrium: 

+ 

Br2  +  H^O  =  H  +  Br"  +  HOBr 

Note  the  bromine  is  both  oxidized  and  reduced.  Reaction  proceeds  as 
written  to  a  greater  extent  if  the  solution  is  made  basic,  since 
this  reduces  hydrogen  ion  concentration  and  converts  HOBr  to  OBr" . 

SUPPLEMENTARY  MATERIAL:   Concentrating  the  sea  water  for  the  laboratory 
sequences  was  necessary  to  enhance  the  color  changes  of  bromine.   Con- 
centrating by  a  factor  of  about  50  by  evaporation  resulted  in  the  pre- 
cipitation of  large  quantities  of  salts,  mostly  sodium  chloride  plus 
some  calcium  sulfate,  which  were  discarded.   Essentially  all  of  the 
bromide  ion  is  retained  in  the  remaining  solution. 
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Chemistry  of  a  somewhat  more  complex  nature  than  shown  in  the  film  is 
involved  in  the  process  of  bromine  extraction  from  sea  water.  The  equi- 
librium forms  of  bromine  in  ordinary  sea  water  entering  the  top  of  the 
blowing-out  tower  are  Gd'jo  BT2,   15^^  BrCl,  7^  HOBr,  and  10^  Br'.  The  first 
two  forms  are  volatile  and  will  transfer  to  the  air  stream.  The  non- 
volatile species,  HOBr  and  Br"  decrease  throughout  the  blowing- out 
process  as  shown  in  the  equilibrium, 

HOBr  +  Br'  U-   Brg  +  OH" 

The  total  quantity  of  bromine  used  in  the  United  States  in  I962  was 
approximately  I90  million  pounds.  The  principal  use  was  in  making  the 
gasoline  additive,  ethylene  dibromide.  The  function  of  this  additive  is 
to  stop  the  formation  of  objectionable  deposits  of  lead  oxide  in  an 
engine  when  the  anti-knock  additive,  tetraethyl  lead,  is  added  to  gaso- 
line. Relatively  volatile  lead  bromide  is  formed  instead,  which  leaves 
the  engine  with  the  exhaust. 

In  1962  about  k6   million  pounds  of  bromine  were  used  for  other  purposes 
than  gasoline  additives.  These  include  the  following: 

a.  Chlorobromomethane  and  difluorodibromomethane  for  extinguishing  fires, 

b.  Sterilizing  swimming  pools  (imparts  a  blue  color  to  the  water  and 
has  less  eye  irritation  than  chlorine) . 

c.  AgBr  as  light  sensitive  material  in  photographic  film  and  paper. 

d.  Pharmaceutical  uses  including  sedatives,  anesthetics,  and  mercuro- 
chrome . 

e.  Soil  and  grain  fumigants. 

f .  Bromates  for  flour  bleaching  and  hair  wave  neutralization. 

g.  In  chemical  manufacturing. 
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VANADIUM  —  A  TRANSITION  ELEMENT 

22  MINUTES  IN  COLOR 

Collaborator: 

Professor  Robert  C.  Brasted,  University  of  Minnesota, 

Minneapolis,  Minnesota 


SUMMARY:   Vanadium  is  studied  as  a  typical  transition  element.   The  differ- 
ent oxidation  states  of  vanadium  and  the  corresponding  colors  are  observed 
and  then  identified  by  means  of  a  quantitative  titration  of  vanadium  (ll) 
solution  with  cerium  (IV)  solution.   The  oxidation  states  and  the  observed 
colors  are  correlated  with  the  electronic  structures  using  an  orbital 
board.   The  reaction  with  hydroxide  ion  and  the  formation  of  complex  ions 
containing  vanadium  in  different  oxidation  states  are  demonstrated.  Ttie 
variations  in  chemical  properties  are  discussed  in  terms  of  ion  size  and 
charge  density. 

SFKCTiVL  NOTE:   We  suggest  interrupting  the  film  after  the  various  oxidation 
states  of  vanadium  have  been  demonstrated  and  determined.   The  narrator  in- 
dicates the  appropriate  time.   The  class  can  then  discuss  the  possible 
changes  in  electron  configuration  which  occur  as  vanadium  undergoes  oxida- 
t'-.ri   Then  "he  rest  of  the  film  can  be  shown. 

PURPOSE:   To  illustrate  typical  chemical  reactions  of  the  transition  ele- 
inents  by  performing  specific  experiments  with  vanadium. 

PLACE  IN  CHEM  STUDY  COURSE:   V/ith  Section  22-1  in  Chapter  22,   The  Fourth- 
Row  --  •-  Transition  Elements. 

BEFORE  SHOWING:   Students  should  be  familiar  with  oxidation-reduction  half- 
reactions  and  calculations,  the  orbital  board  representation  of  electron 
configuration,  and  the  concept  and  general  structure  of  complex  ions. 

OUTLINE: 

1.  General  properties  of  the  transition  elements  are  discussed 

The  various  oxidation  states  of  transition  elements  and  the  colors  of 
the  resulting  compounds  are  illustrated  with  a  periodic  table  containing 
samples  of  some  solid  compounds  of  most  elements. 

2.  Oxidation  behavior  of  vanadium  is  investigated 

Vanadium  metal  is  oxidized  with  concentrated  nitric  acid  producing  a 
bright  yellow  solution  of  vanadium  in  the  + 5  oxidation  state,  or 
vanadium  (V) .   A  standard  solution  of  vanadium  is  shaken  repeatedly 
\r±th   a  reducing  agent,  zinc  amalgam.   The  vanadium  solution  changes 
from  yellow  to  blue,  then  to  green,  and  finally  to  violet.   The  exper- 
iment is  repeated  by  r>assing  O.OO5  mole  (50  ml.  of  0.1  M)  of  vanadium 
(V)  solution  through  a  column  of  zinc  amalgam.   This  produced  O.OO5 
mole  of  reduced,  violet  vanadium.   A  strong  oxidizing  agent  is  chosen, 
cerium  (iV),  v^hich  oxidizes  according  to  the  reaction  represented  by 
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Ce  (IV)  +e"-*Ce  (ill).  Then  O.OO5  mole  (lO  m.  of  O.5  M)  of  cerium  (IV) 
is  added  to  the  violet  vBnadiura  producing  the  green  vanadium.   Since 
cerium  i'Dl)   takes  one  electron  the  vanadium  must  have  lost  one  electron. 
V"  (violet)  -*Y^'^^   (green)  +  e".  Repeating  the  additi^  of  O.OO5  mole 
of  cerium  (IV)  produces  the  blue  state  of  vanadium:  V°  1  (green)  -* 
vn+2  (blue)  +  e" . 

Another  addition  of  O.OO5  mole  of  cerium  (IV )  produces  the  yellow  we  know 
to  be  vanadium  (V):   V^"*"  2  (blue)  -^v^^^  (yellow)  +  e.  Thus  n+  3  r  5 
and  n  s  2  allows  us  to  calculate  the  value  of  each  oxidation  state. 

3*  The  electron  configuration  of  vanadium  is  discussed. 

Using  an  orbital  board,  the  electron  configuration  of  metallic  vanadium 
is  shown.  The  projector  may  be  turned  off  at  this  point  for  class  dis- 
cussion.  The  vanadium  (ll)  state  is  described  as  resulting  from  the  loss 
of  two  ^s  electrons  by  vanadium  metal.   Then  each  increase  in  oxidation 
state  corresponds  to  the  successive  loss  of  one  of  the  three  3d  electrons. 
Color  of  the  transition  elements  is  explained  as  follows:   The  five  3d 
orbitals  will  have  slightly  different  energy  states  in  the  environment  of 
the  solution.  When  the  orbitals  are  partially  filled,  an  atom  may  absorb 
energy  from  a  photon,  and  a  3d  electron  is  moved  to  an  empty  3d  orbital. 
This  energy  change  E  corresponds  to  the  frequency  of  visible  light  through 
the  equation,  E  ■  h  v .  Visible  transmitted  light  which  lacks  certain  fre- 
quencies of  the  complete  spectrum  appears  colored. 

h.     Complex  ion  behavior  of  vanadium  is  illustrated 

Sodium  hydroxide  solution  is  added  to  vanadium  (ill).  A  precipitate 
results.  The  reaction  is  shovm  on  a  molecular  level  with  animation.   The 
animation  is  sho^/n  in  two  dimensions  for  simplicity.   There  are  actually 
two  more  water  molecules  present  -  one  in  front  of  the  vanadium  species, 
the  other  behind,  suggesting  an  octahedral  shape  for  the  hydrated  ion. 
The  precipitate  does  not  dissolve  in  excess  hydroxide  because  of  the 
formation  of  a  neutral  species  V(0H)3H2CH-2.   The  vanadium  (IV),  on  the  other 
hand,  formed  in  solution,  an  0x0  complex  VO,  whose  hydroxide,  represented 
as  V0(0H)2;  has  only  slight  solubility  in  water  but  does  dissolve  in  an 
excess  of  the  base.   This  reaction  is  shown  in  animation.   The  student  is 
asked  to  predict  the  behavior  of  vanadium  (ll)  and  vanadium  (V)  with  sod- 
ium hydroxide.   (See  "After  Showing")  The  formation  of  other  complex  ions 
is  demonstrated  by  adding  thiocyanate  and  sulfite  solutions  to  each  of  the 
four  vanadium  oxidation  states,  (ll),  (ill),  (iV),  and  (V) .  The  fact 
that  different  colors  are  observed  in  each  case  is  proof  that  the  d  orbi- 
tal electrons  are  differently  affected  by  these  coraplexing  ions.  The 
dual  action  of  coraplexing  and  redox  is  also  illustrated  in  the  case  of 
vanadium  (V)  which  is  reduced  to  vanadium  (IV)  followed  by  the  formation 
of  complexes. 

AFTER  SHOVJING:   It  should  be  noted  that  all  positions  in  Uie  periodic  table, 
which  has  been  constructed  to  illustrate  colors  of  compounds,  are  not  filled. 
The  class  should  be  asked  to  identify,  for  instance,  the  space  reserved  for 
the  compounds  of  element  U3,  technetium.  ''.>rhy  have  we  not  included  a  few 
grams  of  several  compounds  of  technetium?  Answer:  Technetium  is  radioactive 
and  does  not  occur  naturally. 
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Discuss  the  "behavior  of  vanadium  (ll)  and  vanadium  (v)  toward  hydroxide 
ions.  Answer:   The  vanadium  (ll)  is  largest  relative  to  the  other  ions, 
and  thus  proton  repulsion  should  be  at  a  minimum.  Vanadium  (ll)  forms 
an  insoluble  hydroxide  V(0H)2,  as  did  the  vanadium  (ill)  and  (IV)  solu- 
tions shown  in  the  film.  But  the  precipitate  does  not  dissolve  in  ex- 
cess base.  The  loss  of  thi^e  additional  electrons  foms vanadium  (V), 
the  smallest  of  the  vanadium  ions.  The  charge  of  the  vanadium  (+5)  is 
now  so  high  that  both  protons  of  the  water  molecule  are  expelled  leaving 
an  oxo  species.  The  0"^  ions  are  tightly  held  to  the  vanadium  (V)  ion. 
Thus  even  in  water,  the  vanadium  (V)  is  present  as  an  oxo  complex  such 
as  the  vanadate,  VOi^-3.  Addition  of  hydroxide  does  not  alter  this  form 
of  vanadium.  Addition  of  large  concentrations  of  acid  probably  has  about 
the  same  effect  as  it  has  in  changing  the  chromate  ion,  CrO^"^,  to  the 
dichromate,  CrgOy'^.  That  is,  the  V0i|.-3  changes  to  a  polyvanadate ,  one  of 
the  simplest  forms  being  720^"^.   Still  another  form  of  vanadium  (V)  in 
an  acid  solution  is  as  the  polyhydroxy  ion,  V(OH)k*".   The  latter  form  is 
illustrated  below  in  the  reduction  of  vanadium  (Vj  by  thiocyanate  ion. 

SUFPLEMEI^ARY  MATERIAL: 

Reduction  of  vanadium  (V):  The  zinc  amalgam  was  prepared  by  shaking  zinc  with 
a  solution  of  HgCl2,  then  rinsing  with  6m  HCl  and  water.   The  mercury  coat- 
ing prevents  (because  of  overvoltage)  the  evolution  of  hydrogen  gas  from  the 
acidic  vanadium  solution.  If  the  zinc  reduction  experiments  are  performed, 
a  green  color  is  observed  after  only  10  seconds  of  shaking.  This  green 
color  is  due  to  a  mixture  of  yellow  vanadium  (V)  and  blue  vanadium  (TV) . 
After  one  half  minute  of  shaking  the  blue  color  appears.  After  another 
one  half  minute  of  shaking  the  green  vanadium  (ill)  appears.  Five  minutes 
of  vigorous  shaking  is  inquired  to  produce  violet  vanadium  (ll) . 

Color:  The  five  d  orbitals  of  the  gaseous  vanadium  are  thought  of  as  being 
identical  in  energy.  In  solution,  however,  the  vanadium  in  its  ionic  form 
is  in  an  atmosphere  of  such  species  as  water  molecules,  hydroxide  ion,  as 
well  as  other  groups  or  ions  capable  of  forming  complexes.  Under  these 
conditions,  the  d  orbitals  are  not  of  identical  energy.  The  incident 
light  which  in  the  film  is  assumed  to  be  white  light  made  up  of  photons 
of  many  energies  (E  ■  h^  )  is  passed  into  the  several  vanadium  solutions. 
Only  certain  specific  energies  will  raise  the  d  orbital  electrons  from 
lower  to  higher  energy  states.  Photons  with  these  energies  will  then  be 
absorbed  and  the  emitted  light  will  be  lacking  in  these  photons.  The  ob- 
served color  is  defined  in  terms  of  the  photons  which  have  not  been  absorbed. 
Our  eyes  are  not  sufficiently  critical  to  analyze  all  the  wave  lengths  (or 
energies)  transmitted.  A  device  such  as  a  spectrometer  would  be  needed  to 
accomplish  this.  The  conclusion  we  draw  from  the  color  changes  when  the 
aqueous  solution  of  vanadium  ion  is  treated  with  a  complexing  ion  is  that 
the  d  orbital  arrangement  is  disturbed  or  changed  by  these  ions.  The 
color  therefore  may  be  said  to  be  a  function  of  the  nature  of  the  complex. 
It  is  always  most  important  in  discussing  or  demonstrating  properties  of 
any  ion  that  we  recognize  the  role  of  the  solvent  molecules  as  well  as  the 
role  of  other  ions  and  molecules  capable  of  associating  with  the  metal  ion 
to  form  complexes.  Never  do  we  have  only  a  simple  metal  ion  in  solution. 

Complex  ion  formation:  The  thiocyanate  complexes  of  vanadium  will  vary  in 
their  formulas  depending  on  the  oxidation  state  of  vanadium  and  also  on 
the  concentration  of  thiocyanate. 
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Vanadium  (ll)      V"^  +  6  SCN*'-^  [V(SCN)g]"^ 

It  is  reasonable  to  expect  some  [V(SCN)2,]~^ 

Vanadium  (ill)     V"^^  +  6SCN"H!V(SCN)^]  "^ 

With  an  excess  of  thiocyanate  ion  the  above  is  the  predominant  species. 
Other  complexes  present 
where  n  is  less  than  6. 

Vanadium  (IV)  (VO"^)     VO"*"^  +  4  SCN"-»[VO(  SCN  )^]  "^ 

There  is  also  likely  to  be  some  neutral  VO(SCN)p. 

Vanadium  (V) 

The  tendency  of  vanadium  (v)  to  be  reduced  and  of  thiocyanate  to  be  oxidized 
is  indicated  by  their  oxidation  potentials. 

2SCN"  =  (SCN)^  +  2e"  -  .77   volts 

VO"*"^  +  3H2O  =  e"  +  V(OH);J  +  2H'^         -1.00   volts 

Thus,  we  see  that  the  vanadium  (V)  will  be  reduced  to  VO   and  then  complexed 
with  excess  SCIT  as  above. 

The  sulfite  ion,  SOo"*^  is  also  a  good  complex- forming  ion. 

Vanadium  (ll)      y"*"^  +  3S0^"^H;V(S0^  )^]  "^ 

Vanadium  (ll)  is  slowly  oxidized  by  air  vanadium  (ill)  followed  by  com- 
plexing  to  give  the  same  complex  as  that  noted  just  below.  The  last  scene, 
showing  the  Petri  dishes  of  vanadium  in  its  four  oxidation  states,  indicates 
this  oxidation.  Note  that  the  color  of  the  violet  vanadium  (ll)  has  changed, 
due  to  air  oxidation,  during  the  filming  to  a  nearly  green  vanadium  (ill) . 

Vanadium  (ill)     VO"*"^  +  3S0^"^-{V(  SO^  )^]  "^ 

Vanadium  (IV)  VO 

+2  -2 

Two  principle  species  form    VO    +  SO-.   -^VOSO^ 

VOSO^  +  S0^"^[V0(S0^)2]"^ 

Vanadium  (V) 

An  oxidation- reduction  reaction  is  possible  as  shown  in  the  film: 

80^"^  +  H^O  =  2e"  +  S0|^"^  +  2H''"        0.17  volts 

VO''"^  +  BH^O  =  e"  +  V(OH)^  +  2H^  -1.00  volts 

The  vanadium  is  reduced  to  the  vanadium  (iV)  and  then  complexed  as  above. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  V/exler  Film  Productions,  Los  Angeles 
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HIGH  TEMPERATURE  RESEARCH 

19  MINUTES  IN  COLOR 

Collaborator: 

Professor  Paul  W.  Gilles,  I'rrhcrsif^  of  Kansas 

Lawrence,  Kansas 


SUMMARY;  Why  do  we  know  more  today  than  we  did  yesterday?  One  reason 
is  that  scientists  engage  in  research.  The  excitement  of  discovering  new 
knowledge  through  research  is  illustrated  "by  studying  the  bond  strength 
of  gaseous  titanium  monosulfide.  Gaseous  TiS  molecules  as  well  as  gaseous 
titanium  and  sulfur  atoms  are  produced  by  the  vaporization  of  the  high 
melting  crystalline  titanium  monosulfide  at  temperatures  near  2C0O°K. 
The  procedures  for  producing  and  measuring  temperatures  in  this  region 
are  shown.  Analysis  of  the  mass  spectrum  gives  the  relative  concentra- 
tions of  atomic  Ti  and  S,  and  of  TiS  molecules.  A  torsion  effusion 
apparatus  gives  data  on  the  total  gas  pressure  at  a  series  of  tempera- 
tures. FroiT)  these  data,  we  calculate  the  bond  strength  of  i:;aseous  TiS. 
But  at  least  as  many  new  questions  are  raised  as  are  answered.  We  don't 
run  out  of  questions  in  research. 

PURPOSE:   To  stimulate  interest  in  pure  research  by  showing  the  partic- 
ular experimental  procedures  used  in  high  temperature  chemistry  to 
determine  the  bond  strength  of  gaseous  titanium  monosulfide. 

PLACE  IN  CHEM  STUDY  COURSE;  After  Chapter  22,  The  Fourth-Row  Transition 
Elements,  or  near  the  end  of  the  course. 


BEFORE  SHOWING;   Students  should  understand  the  meaning  of  "bond  strength" 
and  should  be  familiar  with  the  term  "logarithm." 

OUTLINE; 

1.  Explaining  the  properties  of  substances  with  high  melting  points. 

Substances  such  as  tungsten  boride,  boron  carbide,  cerium  sulfide, 
dititanium  trioxide,  titanium  monoxide,  and  titanium  monosulfide  all 
have  high  nfelting  points.  This  behavior  arises  because  the  atoms  or 
ions  are  strongly  bonded  to  one  another  in  a  three  dimensional  net- 
work. The  structure  of  solid  TiS  is  explained  with  the  aid  of  a  model. 

The  question  is  then  raised  as  to  what  gas  species  will  form  when  the 
TiS  is  heated  to  a  sufficiently  high  temperature. 

2.  Identifying  the  various  gas  species  and  determining  their  ratios. 

The  solid  TiS  sample  is  placed  in  a  tungsten  crucible  and  after  a 
vacuum  of  about  one-billionth  of  an  atmosphere  is  achieved,  the 
sample  is  heated  to  about  1300°K  by  a  tungsten  ribbon.  Electron 
bombardment  increases  the  temperature  to  l805°  K,  (well  below  the 
melting  point  of  2203°  K)  as  shown  by  an  optical  pyrometer.  A 
shutter  is  opened  to  allow  gas  species  escaping  from  the  crucible 
to  reach  the  detector  of  a  mass  spectrometer.  With  the  shutter 
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closed,  residual  gases  in  the  system  are  recorded  and  later  subtracted 
from  the  spectrum.   The  mass  spectrum  reveals  that  the  gas  species  are 
Ti  and  S  atoms  and  TiS  molecules  in  the  ratio  of  1.00:1.00:2.10.  The 
experiment  is  performed  at  other  temperatures  to  determine  the  corres- 
ponding ratios. 

3.   Measuring  the  vapor  pressure  and  calculating  partial  pressures. 

With  the  aid  of  animation,  the  operation  of  a  torsion  effusion  appa- 
ratus is  explained.  From  the  observed  twist  of  the  effusion  cell,  the 
total  vapor  pressure  of  the  equilibrium  gas  may  be  determined.  From 
the  relative  gas  pressures  as  determined  with  the  mass  spectrometer, 
the  actual  gas  pressure  of  each  species  is  calculated.  Performing  the 
experiment  at  other  temperatures  gives  vapor  pressures  as  a  function 
of  temperature. 

h.      Calculating  the  bond  strength  of  gaseous  TiS  molecules. 

A  plot  of  the  logarithm  of  pressure  against  the  reciprocal  of  the 
absolute  temperature  gives  a  straight  line.  The  bond  strength, Ah,  is 
known  to  be  related  to  the  slope,  s,  of  this  line  through  the  equation 
Ah  B  Ks,  where  K  is  a  constant,  -^.58  x  IC^^  whose  value  is  known 
from  other  measurements.  From  the  plot  we  calculate  that 


s  = 


-^^^ =  -25.6  xl03 

5.00  X  10" 5 


For  the  reaction  TiS(s)  =  TiS(g),  AH  =  117  kcal/roole.  From  a  similar 
plot,  the  reaction  Ti3(s)  =  Ti(g)  +  S(g),  gives  Ar  -   2^+0  kcal/mole. 

By  subtracting  the  lower  equation  from  the  upper,  as  they  appear  in 
the  film,  it  is  found  that  for  Tls(g)  =  Ti(g)' +  S(g) ,  AH  r  123  kcal/mole, 
which  is  the  bond  strength  of  Ti3(g).   The  bond  strength  in  TiO  has 
been  found  similarly  to  be  I58  kcal/mole. 

Determining  the  bond  strength  of  TiS  was  the  immediate  goal  of  this 
high  temperature  research.  However,  as  with  most  research  more  new 
questions  are  raised  than  are  answered. 

AFTER  SHOWING:   Discuss  the  various  experiments  which  are  necessary  to 
determine  the  bond  strength  of  a  gas  such  as  TiS.  Why  is  it  necessary  to 
run  the  mass  spectrum  again  with  a  shutter  in  front  of  the  heated  sample? 
(Answer:   To  determine  which  of  the  many  peaks  were  due  to  gas  species 
from  the  sample.)  What  other  questions  were  raised  by  this  research?  Can 
you  suggest  possible  means  of  seeking  answers  to  these  questions? 

SUPPLEMENTARY  MATERIAL:   Note  that  three  methods  of  heating  samples  are 
illustrated  in  the  film.   These  are  radiation  from  a  hot  filament,  elec- 
tron bombardment,  and  high  frequency  induction.   The  essential  use  of  a 
bound  notebook  will  be  recognized,  since  a  vital  piece  of  information  on 
a  loose  page  could  be  lost.   A  nylon  glove  is  necessary  during  the  assembly 
of  the  crucible  and  heating  apparatus  to  avoid  contamination. 

It  is  interesting  to  note  that  the  plot  of  log  p  vs.  i/T  is  not  really 
quite  a  straight  line.   In  other  words,  AH,  the  heat  of  reaction,  varies 
with  temperature,  normally  decreasing  as  temperature  increases. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Centron  Corporation,  Lawrence,  Kansas 
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TRANSURANIUM  ELEMENTS 

2  3   MINUTES  IN  COLOR 

Collaborator: 

Professor  Glenn   T.  Seaborg,  Chairman,  Atomic  Energy  Comm., 

Washirtf^foft,  D.  C. 


SUMMARY:   This  film,  produced  in  the  Lawrence  Radiation  Laboratory  of 
the  University  of  California,  Berkeley,  features  four  scientists  who  were 
principals  in  the  discovery  and  identification  of  several  of  the  transur- 
anium elements.  Glenn  Seaborg  reviews  the  historical  problem  of  the 
placement  of  the  transuranium  elements  in  the  periodic  table.   Burris 
Cunnin^am  performs  experiments  showing  that  neptunium,  plutonium,  and 
americium  have  chemical  properties  similar  to  those  of  uranium,  but  that 
under  the  same  experimental  conditions  curium  behaves  like  its  rare- 
earth  homolog,  gadolinium.   Stanley  Thompson  demonstrates  how  the  Ion- 
exchange  separation  technique  is  used  in  identification,  using  actual 
solutions  of  curium,  berkeliura,  californium,  and  einsteinium.  Albert 
Ghiorso  discusses  the  methods  used  in  the  synthesis  of  elements  102 
and  103,  and  proposes  a  similar  type  of  reaction  which  may  lead  to  the 
discovery  of  element  104. 

PURPOSE:   To  introduce  students  to  prominent  scientists  in  a  laboratory 
situaxicn  and  to  show  the  techniques  and  chemical  reactions  which  are 
important  in  the  discover^',  separation,  identification,  and  periodic 
classification  of  transuranium  elements. 

PLACE  IN  CHEM  STUDY  COURSE:   Chapter  23,  Some  Sixth  and  Seventh  Row 

Elements 

BEFORE  SHOWING:   Students  should  be  familiar  with  the  ion-exchange 
column.   They  should  also  be  reminded  that  radioactive  elements  have 
ordinary  chemical  properties  (as  shown,  for  instance,  in  the  film 
equilibrium) .   The  radioactive  properties  are  a  valuable  aid  to  the 
chemist  because  a  counting  device  can  be  used  to  trace  and  measure 
quantities  of  these  elements  that  are  too  minute  to  be  seen  or  weighed. 

OUTLINE: 

1.   Pcsiticn  of  the  transuranium  elements  in  the  periodic  table 

The  periodic  table  as  it  existed  before  19^  is  shown,  with  thorium, 
protactinium,  and  uranium  below  hafnium,  tantalum,  and  tungsten, 
respectively.  When  neptunium  and  plutonium  were  discovered,  their 
properties  were  found  to  be,  in  many  respects,  more  like  uranium 
than  like  rhenium  and  osniium.  This  evidence  furnished  one  of  the 
first  clues  that  the  elements  of  the  seventh  row  of  the  periodic 
table  should  not  be  classified  immediately  below  the  sixth  row 
transition  elements. 
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2.  Chemical  reactions  of  the  transuranium  elements 

Ionic  solutions  of  the  nitrates  of  uranium,  neptunium,  plutonium,  amer- 
icium,  and  curium  in  the  tripositive  oxidation  state  are  prepared.  A 
solution  of  gadolinium  (ill)  nitrate  is  also  included.   Gadolinium  is 
an  element  of  the  lanthanide  or  rare  earth  series.  The  oxidation  be- 
havior of  these  solutions  is  tested  by  adding  a  strong  oxidizing  agent, 
ammonium  peroxydisulfate,  (NHi4.)2S203,  to  each  solution  and  then  heating 
them.  A  color  change,  indicating  a  change  in  oxidation  state,  is  seen 
in  all  except  the  solutions  of  curium  and  gadolinium.  A  solution  of 
h   M  sodium  acetate  and  h  M  sodium  nitrate  is  added  to  each  solution. 
Formation  of  a  precipitate  indicates  the  presence  df  a  uranium-like  ion 
in  the  +6  state.  Precipitates  form  in  all  the  solutions  except  those 
of  curium  and  gadolinium.  The  addition  of  concentrated  HF  provides  a 
test  for  the  +3  state  in  these  two  solutions.   In  both  cases  a  jelly-like 
precipitate  appears  which  is  characteristic  of  a  trifluoride.  This 
reaction  indicates  that  curium  is  related  to  its  rare  earth  homolog,  and 
provides  a  basis  for  classifying  the  transuranium  elements  as  part  of 
an  actinide  series. 

3.  Identification  of  transuranium  elements  using  the ion- exchange  column. 

An  ion-exchange  column  is  shown  being  used  to  separate  relatively  large 
quantities  of  the  transuranium  elements .   The  column  is  shielded  by 
four  feet  of  water.   It  was  photographed  in  time-lapse  photography  over 
a  period  of  10  hours.   Because  of  the  intense  radioactivity,  the  trans- 
uranium elements  emit  light  (they  are  fluorescent)  in  sufficient  in- 
tensity to  permit  them  to  be  photographed  by  their  own  light.  An  ex- 
tremely dilute  solution,  10"^^  M,  of  tripositive  ions  of  curium  2U4, 
berkelium  2^9,  californium  252,  and  einsteinium  253  is  prepared,  applied 
to  a  small  ion- exchange  column,  and  washed  through  with  an  eluant.  The 
drops  are  collected  in  the  order  in  which  they  leave  the  column  and 
are  tested  for  radioactive  decay.   The  decay  rate  is  plotted  against  the 
drop  number,  giving  a  graph  with  four  peaks.  Each  peak  represents  one 
of  the  four  elements  which  was  added  to  the  column.   The  ion  with  the 
highest  atomic  number  comes  out  of  the  column  first,  followed  by  the 
other  ions  in  order  of  decreasing  atomic  number.   The  mechanism  of 
separation  by  ion-exchange  is  illustrated  in  animation. 

14.^   Use  of  ion- exchange  to  identify  new  elements 

Comparison  of  the  elution  curves  for  the  known  transuranium  elements  to 
the  curves  for  the  corresponding  lanthanide  elements  shows  that  the 
relative  positions  of  the  curves  correspond.   Thus,  the  experimentally 
determined  elution  curves  of  the  lanthanides  above  67  allowed  the  pre- 
diction of  the  elution  behavior  of  the  elements  above  99. 

5,  Use  of  heavy  icn  bombardment  in  synthesis  of  elements  102,  IO3,  and  beyond. 

An  instrument  called  the  HILAC,  or  heavy  ion  linear  accelerator,  was  used 
to  synthesize  elements  102  and  103  by  these  nuclear  reactions: 

2k6  Cm     +      12  c    —    25^  102  "^  ^  ^  " 
96  6  102  0 

252      +      11b    -^    257  Lv-^  6  ^n 
98  5  103       ^   0 


*Dowex  50  resin  is  used 
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One  possible  reaction  for  making  element  10^  is  also  shown: 

252cf    +       13c     -         261^0^+   ^  , 
9o  6  104  0 

AFTER  SHOWING:   Discuss  wiLn  students  the  similarities  between  chemistry  of 
radioactive  elements  and  that  of  non- radioactive  elements.   Those  illus- 
trated in  the  film  include  solubility,  color  change,  oxidation  behavior, 
precipitation,  and  separation  by  ion-exchange.  Compare  the  ion-exchange 
techniques  used  in  the  film  to  those  used  in  CHEM  Study  Experiment  37- 
An  added  technique  made  possiDie  by  tne  radioactive  decay  is  the  detec- 
tion of  minute  quantities  of  these  elements  by  a  counting  device. 
Safety  hazards  pose  new  problems.  When  the  level  of  radioactivity  is 
high,  as  in  the  case  of  the  large-scale  ion-exchange  separation  of  the 
transuranium  elements,  experiments  must  be  done  by  remote  control  be- 
hind heavy  shielding.  Moderate  amounts  of  alpha  emitters  can  safely  be 
handled  in  a  "glove  box"  since  alpha  particles  are  stopped  by  ordinary 
glass.  The  oxidation  and  precipitation  experiments  in  the  film  were 
done  in  this  way.   Trace  amounts  of  some  of  the  elements  may  be  handled 
in  the  open,  as  was  done  in  the  ion-exchange  elution-curve  determination. 

SUPPLEMENTARY  MATERIAL: 

Chemical  reactions  of  the  transuranium  elements 

The  oxidizing  agent  used,  ])eroxydi:iulfate,  has  an  oxidation  potential  of 
about  1.5  volts,  its  half- reaction  being: 

2S0j;^     =   2e"+  SoO§^         E°  =  -1.5  volts 

Uranium  is  easily  oxidized  to  the  +6  state  in  solution,  but  as  atomic 
number  increases  beyond  92,  it  becomes  increasingly  difficult  to  oxidize 
elements  to  the +6  state.  Americium  is  the  highest  element  to  reach  the 
+6  state  using  this  oxidizing  agent.   The  characteristic  precipitate 
which  identifies  uranium  in  the  +6  state  is  sodium  uranyl  acetate, 
NaU02(CH^C00)^.   Similar  compounds  are  formed  by  Np,  Pu,  and  Am.  With 
the  addition  of  24  M  HF  to  solutions  of  curium  and  gadolinium,  CmF_  and 
GdF-s  precipitate. 

Ion-exchange  separation  of  the  elements 

In  the  separation  of  large  amounts  of  the  transuranium  elements,  the 
tripositive  ions  of  the  elements  form  colored  luminescent  bands  which 
pass  through  the  column.   (The  flickering  lights  that  appear  during  this 
time-lapse  sequence  are  pilot  lights  of  equipment  and  auxiliary  lights 
which  were  required  for  brief  periods  during  this  ten-hour  experiment.) 
The  trend  in  elution  behavior  of  Cm  Be,  Cf,  and  Es  is  demonstrated  in 
the  small-scale  separation.  A  simple  and  currently  useful  model  is 
presented  to  explain  this  trend.   Cm"^-^  and  Es^  were  chosen  as  examples 
in  the  animation  because  they  represent  the  extremes  in  atomic  number 
of  the  four  elements  separated.   Since  the  ionic  charge  is  the .same  and 
the  radius  of  Es'^^  is  the  smallest  (O.93A  as  compared  to  O.98A  for  Cm"^), 
the  charge  density  of  Es^  is  the  nighest.   This  high  charge  density 
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attracts  about  the  einsteinium  ion  more  polar  vater  molecules  than  are 
attracted  to  the  other  ions.  This  larger  "shell"  of  water  molecules 
causes  ES"^  to  achieve  the  largest  effective  radius  of  the  four  ions 
The  larger  the  effective  radius  of  the  ion  the  less  tightly  it  is  "bound 
to  tne  resin,  and  the  sooner  it  is  washed  through  by  the  eluant. 

Comparison  of  elution  curves  of  lanthanides  and  actinides 

Although  the  positions  of  the  peaks  do  not  correspond  exactly,  the  rela- 
tive spacings  between  the  curves  do  correspond.  This  is  evidence  that 
the  rate  of  change  of  ionic  radius  of  the  tripositive  ions  in  the  actin- 
ide  series  is  almost  identical  to  that  in  the  lanthanide  series.  Com- 
parison of  the  curves  allowed  the  prediction  of  the  drop  number  on 
which  a  new  element  would  be  found.  This  technique  made  possible  the 
separation  and  identification  of  elements  through  101.  The  isotopes 
of  elements  102  and  103  so  far  discovered  have  such  short  half-lives 
(less  than  10  seconds)  that  their  chemical  properties  have  not  yet 
been  investigated. 

Electronic  configuration  of  the  transuranium  elements 

The  complex  chemistry  of  uranium  and  its  neighbors  is  due  to  a  transi- 
tion that  occurs  in  this  region  of  the  Periodic  Table.  The  5f  orbi- 
tals  pass  below  the  6d  orbitals  in  energy.  The  uncertain  position 
of  this  transition  region  was  one  of  the  causes  of  doubt  as  to  the 
placement  of  the  new  elements  in  the  Periodic  Table.  The  region 
apparently  extends  only  as  far  as  americium.   The  same  type  of  transi- 
tion is  noted  just  prior  to  the  lanthanide  series  between  cesium  and 
cerium. 
See  D.  Devault,  J.  Chem.  Ed.,  21,  526  (19^^). 

Naming  of  elements  102  and  10 3 

The  name  nobelium  and  the  symbol.  No,  which  appear  on  some  Periodic 
Tables  were  proposed  and  accepted  for  what  was  first  thought  to  be 
element  102.  Lack  of  corroboration  of  the  early  experiments  and 
subsequent  synthesis  of  element  102  by  a  different  reaction  (the 
one  given  above)  may  cause  the  name  and  symbol  to  be  dropped.  At 
the  time  this  guide  was  prepared,  no  new  name  for  element  102  had 
been  proposed,  but  the  name  lawrencium,  Lw,  had  been  proposed  for 
element  10 3. 

Produced  under  a  grant  from  the  National  Science  Foundation 
Film  production  by  Davidson  Films,  San  Francisco 
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BIOCHEMISTRY  AND 
MOLECULAR  STRUCTURE 

22  MINUTES  IN  COLOR 

Collahorafor: 

Dr.  Donald  E.  Rounds,  Pasadena  Foundation  for  Medical  Research, 

Pasadena,  California 


SUMMARY:   This  film  demonstrates  the  role  of  molecular  struc- 
ture  In  determining  biological  activity.   The  correlation  of 
the  structure  of  sulfanilamide  with  that  of  a  vitaimin  essential 
for  bacterial  growth  leads  to  a  more  general  investigation  of 
the  biochemical  nature  oi  growth.   Paper  chromatography  is 
used  to  separate  some  of  the  material  found  in  chromosomes. 
It  is  proposed  that  compounds  similar  to  those  found  in 
chromosomes  may  stop  cell  division  and  thus  be  useful  in  con- 
trolling cancer.   The  effect  and  mechanism  of  one  such  com- 
pound, 5-f luorouracil,  are  studied  using  time-lapse  photograp-^y 
and  radioactive  labeling. 

PURPOSE:   To  relate  the  student's  knowledge  of  chemistry  to 
current  research  in  the  bio-medical  sciences,  to  emphasize 
the  importance  of  structure  in  biochemistry,  and  to  demonstrate^ 
biochemical  laboratory  techniques. 

PLACE  IN  CHEM  STUDY  COURSE:   Chapter  24,  Some  Aspects  of  Bio- 
chemistry:  An  Application  of  Chemistry. 

BEFORE  SHOWING:   Students  should  be  familiar  with  the  tech- 
niques  of  separation  using  paper  chromatography,  identifica- 
tion by  infrared  spectrum,  and  labeling  using  a  radioactive 
isotope.   Students  should  be  aware  of  the  essential  role  of 
DNA  in  cell  growth  and  division. 

OUTLINE: 

1.  Sulfanilamide  as  an  antibacterial  drug. 

A  bacterial  culture  is  prepared  using  standard  sterile 
techniques.   Sulfanilamide  is  placed  on  one  side  of  the 
culture.   Time- lapse  photography  during  incubation  shows 
that  the  bacteria  multiply  everywhere  except  around  the 
sulfanilSLmide .   The  structure  of  sulfanilamide  is  shown 
to  be  related  to  that  of  para-aminobenzoic  acid,  a  vitamin 
essential  to  bacteria.   The  sulfanilamide  prevents  the 
bacteria  from  using  para-aminobenzoic  acid  by  blocking  an 
essential  enzyme. 

2.  Comparison  of  normal  and  cancerous  cells. 

Time- lapse  photography  shows  that  cancer  cells  multiply 
more  rapidly  than  normal  cells.   Chromosomes  are  shown  in 
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high  magnification.   Hydro lyzed  DNA  from  chromosomes  is 
separated  using  paper  chromatography  and  the  components 
are  identified  using  an  infrared  spectrometer.   The  com- 
pounds include  adenine,  thymine,  cytosine  and  guanine. 
Cancer  cells  are  known  to  use  large  amounts  of  uracil  which 
is  converted  to  thymine  in  the  cell.   The  conversion  of 
uracil  to  thymine  and  the  subsequent  incorporation  into 
DNA  are  shown  in  animation. 

3.  Proposal  of  an  anti-cancer  drug. 

Replacing  the  hydrogen  with  fluorine  in  the  number  five 
carbon  position  in  uracil  gives  5-f luorouracll.   Molecular 
models  illustrate  that  this  substitution  might  prevent  an 
enzyme  from  converting  uracil  to  thymine.   Time-lapse 
photography  shows  that  cancer  cells  treated  with  5-fluoro- 
uracil  cease  dividing  and  die  while  untreated  cancer  cells 
multiply  rapidly. 

4.  A  study  of  the  mechanism  of  3-f luorouracil. 

The  5-f*luorouracil  may  have  blocked  an  enzyme  or  it  may 
have  been  incorporated  into  DNA  forming  defective  DNA. 
Molecular  models  illustrate  these  two  possibilities.   To 
solve  this  problem,  a  large  culture  of  cancer  cells  is 
prepared.   5-f'luorouracil  labeled  with  radioactive  carbon 
14  is  added  to  the  culture  medium.   After  a  half  hour  the 
cells  are  centrifuged  and  homogenized  in  cold  1.8  M  NaCl 
solution.   The  DNA  is  soluble,  while  the  protein  fraction 
is  insoluble  and  is  centrifuged  into  a  pellet.   The  DNA 
fraction  is  injected  into  alcohol  in  which  it  forms  long 
strands  and  is  picked  up  with  a  stirring  rod.   After  dry- 
ing, the  DNA  and  protein  fractions  are  counted  to  find 
the  location  of  the  radioactive  5-f luorouracil .   It  is 
found  in  the  protein  fraction.   Thus  it  is  concluded 
that  5-f l^orouracil  acts  as  an  enzyme  inhibitor. 

AFTER  SHOWING:   Discuss  with  students  the  various  techniques 
and  principles  of  chemistry  used  in  the  film.   Possibilities 
include  molecular  structure,  chromatography,  infrared  spec- 
troscopy, isotopic  labeling,  precipitation,  molecular  mechan- 
isms.  Remind  the  students  of  the  specialized  techniques  used. 
The  sterile  techniques  shown  are:   flaming  the  tips  of  equip- 
ment before  use  to  kill  bacteria,   wearing  a  face  mask,  using 
cotton  plugs  in  the  culture  flasks  to  let  oxygen  enter  but 
keep  out  bacteria  and  other  air-borne  particles,  using  incuba- 
tors.  Radioactive  techniques  include  wearing  rubber  gloves, 
keeping  surfaces  covered  with  disposable  paper,  proper  label- 
ing of  radioactive  materials.   Biochemical  techniques  include 
high-speed  centrifugation,  homogenization  with  a  blender, 
paper  chromatography,  purification  of  DNA. 

SUPPLEMENTARY  MATERIAL:   Filming  techniques:   The  photography 
of  the  bacterial  culture  and  of  the  normal  and  cancer  cells  was 
done  in  time- lapse  with  the  activity  speeded  up  by  a  factor  of 
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48o.   During  the  photographic  process  the  specimens  were  In- 
cubated and  supplied  with  the  necessary  nutrient  material. 

Tissue  culture  methods:   Many  types  of  human  and  animal  cells, 
both  normal  and  malignant,  can  be  kept  alive  and  multiplying 
in  tissue  culture.   The  cells  must  be  carefully  incubated, 
foreign  bacteria  and  chemicals  must  be  excluded,  and  a  nu- 
trient medium  must  be  chosen  which  provider,  the  substances 
necessary  for  growth.   The  nutrient  medium  is  the  red  solu- 
tion and  the  cells  are  seen  only  as  a  slight  cloudlne.ss  until 
they  are  spun  down  into  a  pellet.   5-f luorouracil,  a  white 
powder,  forms  a  red  solution  when  dissolved  in  the  nutrient 
medium. 

Separation  of  thymine  from  DNA:   DMA,  when  hydro lyzed,  gives 
the  four  bases,  adenine,  guanine,  cytosine,  and  thymine,  the 
corresponding  nucleosides  which  are  bases  attached  to  a  sugar 
group,  and  nucleotides  which  are  bases  attached  to  a  sugar- 
phosphate  group.   In  DNA  the  sugar  group  io  2-deuy.yr  J  boise . 
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THYMIDYIIC  ACID,  a  nucleotide 


All  of  these  compcund.'j  absorb  in  the  ultraviolet  region  and 
appear  as  dark  spots  when  an  ultraviolet  light  is  placed  under 
the  paper  chromatograph.   The  various  compounds  are  extracted 
from  the  paper.   Usually  the  chromatography  is  repeated  several 
times  to  obtain  large  enough  samples  for  analysis.   The  infra- 
red spectra  were  obtained  by  the  Nujol  mull  technique.   The 
unknown  ssimple  and  the?  commercial  sample  of  thymine  were  each 
ground  to  a  fine  powder  in  Nujol,  a  saturated  hydrocarbon 
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mineral  oil,  and  the  spectra  were  taken.  In  the  region  of 
absorption  of  the  nucleic  acids,  Nujol  does  not  interfere. 
This  was  determined  by  taking  the  spectrum  of  pure  Nujol. 

Mechanism  of  action  of  5-f luorouracil:   Uracil,  after  gaining 
a  sugar-phosphate  group,  is  converted  to  the  corresponding 
thymine  compound  by  the  enzyme  thymldylate  synthetase.   After 
this  step,  the  thymine  is  incorporated  into  DNA  inside  the 
cell  nucleus.   To  test  this  mechanism,  radioactive  5-f luoro- 
uracil is  added  to  a  culture  of  growing  cancer  cells.   After 
allowing  the  cells  to  grow  in  the  radioactive  medium  for  one 
half  hour,  the  cells  are  homogenized  in  concentrated  1.8  M 
NaCl  solution.   This  kills  the  cells  and  renders  most  of  the 
protein  insoluble  while  leaving  soluble  the  DNA  and  the  pro- 
tein associated  with  DNA  in  the  cell  nucleus.   The  insoluble 
material  is  spun  down  and  dried.   The  DNA  and  some  protein 
associated  with  it  is  in  solution.   Injecting  this  solution 
with  pressure  into  ethanol  causes  the  DNA  to  gather  in  long 
strands.   This  material,  which  is  about  90^  DNA  and  10^^  pro- 
tein, is  also  dried.   The  radioactivity  is  found  in  the  pro- 
tein fraction,  and  is  not  found  in  the  DNA  fraction.   This 
crude  separation  is  sufficient  to  allow  us  to  conclude  that 
5-f luorouracil  is  not  incorporated  into  DNA.   Much  additional 
research  has  been  completed  which  indicates  that  the  proposed 
mechanism  of  enzyme  inhibition  is  the  correct  one.   These 
studies  have  shown  that  5-f luorouracil  is  also  incorporated 
into  RNA,  but  that  this  is  a  secondary  effect  and  does  not 
cause  cell  death.   Reference:   Studies  on  Fluorinated  Pyrimidines, 
XIII.   Inhibition  of  Thymldylate  Synthetase.   Hartmann  and 
Heldelberger,  Journal  of  Biological  Chemistry,  Vol.  236,  No.  11, 
November,  I96I. 

Cancer  Chemotherapy:   Because  cancer  cells  are  so  closely 
related  to  normal  cells,  chemicals  which  can  kill  cancer 
cells  are  usually  also  toxic  to  normal  cells.   However,  most 
normal  human  cells  grow  slowly  while  cancer  cells  grow  rapidly, 
thus  absorbing  a  relatively  larger  amount  of  any  drug  used. 
In  the  case  of  5-f luorouracil  the  amount  of  drug  that  can  be 
administered  is  usually  limited  by  its  toxic  effect  on  bone 
marrow  and  on  the  intestinal  tract,  both  rapidly  growing 
tissues.   Reference:   Five  Years  Clinical  Experience  with 
5-Fluorouracil.   Ansfield,  et  _al.  Journal  of  the  American 
Medical  Association,  Vol.  l"^,  July  28,  I962. 

Produced  under  a  grant  from  the  National  Science  Foundation, 
Film  production  by  Wexler  Film  Productions,  Los  Angeles. 
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